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Abstract
Over the past several decades, design of nanostructural materials have been gaining extensively
research attention, and the nanostructural materials have been widely employed in a number of
applications in industrial and academic fields thanks to their versatile morphology from 0D to 3D
and unique properties.
Iron oxide based materials are promising potential for the wide range of applications due to their
unique properties such as chemical, thermal, optical, electronic, magnetic, abundant, low toxic,
and environmentally friendly. Although there have been many reports with respect to synthesis of
iron oxide based materials, it is still difficult to control the morphology over the reaction. In this
PhD thesis, I have investigated the design of nanostructural iron oxide based materials through
soft-template method, sacrificial template method and non-template method as well as their
hybridization with graphene oxide or Au nanoparticles. The synthesized porous iron oxide based
materials have been subsequently applied to biomedical and environmental applications such as
peroxitase oxidation catalysis, CO and NH3 oxidation catalysis and supercarpacitor.
Firstly, I report the soft-templated preparation of mesoporous iron oxide using an asymmetric
poly(styrene-b-acrylic acid-b- ethylene glycol) (PS-b-PAA-b-PEG) triblock copolymer. This
polymer forms a micelle consisting of a PS core, a PAA shell, and a PEG corona in aqueous
solutions, which can serve as a soft template. The mesoporous iron oxide obtained at an optimized
calcination temperature of 400 °C exhibited an average pore diameter of 39 nm, with large
specific surface area and pore volume of 86.9 m2•g−1 and 0.218 cm3•g−1, respectively. The asprepared mesoporous iron oxide materials showed intrinsic peroxidase-like activities toward the
catalytic oxidation of 3,3′,5,5′-tertamethylbenzidine (TMB) in the presence of hydrogen peroxide
(H2O2). This mimetic feature was further exploited to develop a simple colorimetric (naked-eye)
and electrochemical assay for the detection of glucose. Both our colorimetric (naked-eye and
UV−vis) and electrochemical assays estimated the glucose concentration to be in the linear range
from 1.0 µM to 100 µM with a detection limit of 1.0 µM. We envisage that our integrated
detection platform for H2O2 and glucose will find a wide range of applications in developing
various biosensors in the field of personalized medicine, food-safety detection, environmentalpollution control, and agro-biotechnology.
In addition, we report the synthesis of gold (Au)-loaded mesoporous iron oxide (Fe2O3) as a
catalyst for both CO and NH3 oxidation. The mesoporous Fe2O3 is firstly prepared using
polymeric micelles made of an asymmetric triblock copolymer poly(styrene-b-acrylic acid-bethylene glycol) (PS-b-PAA-b-PEG). Owing to its unique porous structure and large surface area
(87.0 m2 g−1), the as-prepared mesoporous Fe2O3 can be loaded with a considerably higher amount
of Au nanoparticles (Au NPs) (7.9 wt%) compared to the commercial Fe2O3 powder (0.8 wt%).
Following the Au loading, the mesoporous Fe2O3 structure is still well-retained and Au NPs with
varying sizes of 3–10 nm are dispersed throughout the mesoporous support. When evaluated for
CO oxidation, the Au-loaded mesoporous Fe2O3 catalyst shows up to 20% higher CO conversion
efficiency compared to the commercial Au/Fe2O3 catalyst, especially at lower temperatures (25–
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150 °C), suggesting the promising potential of this catalyst for low-temperature CO oxidation.
Furthermore, the Au-loaded mesoporous Fe2O3 catalyst also displays a higher catalytic activity for
NH3 oxidation with a respectable conversion efficiency of 37.4% compared to the commercial
Au/Fe2O3 catalyst (15.6%) at 200 °C. The significant enhancement in the catalytic performance of
the Au-loaded mesoporous Fe2O3 catalyst for both CO and NH3 oxidation may be attributed to the
improved dispersion of the Au NPs and enhanced diffusivity of the reactant molecules due to the
presence of mesopores and a higher oxygen activation rate contributed by the increased number of
active sites, respectively.
Furthermore, we report the synthesis of mesoporous nickel ferrite with an average pore size of 22
nm by using the laboratory-synthesized asymmetric polystyrene-b-polyacrylic acid-b-polyethylene
oxide (PS-b-PAA-b-PEO) triblock copolymer as a soft template. Here, PS acts as a pore-forming
agent whereas PAA acts as a reaction site for the metal ions owing to its strong electrostatic
interaction with positively charged metal ions. Furthermore, the PEO polymer provides stability
for the micelles in solution and also promotes the orderly organization of the composite particles
during assembly of the micelles.
This result showed the promising potential for the possibility of synthesis of various metal doping
into iron oxide by soft-templating method using triblock copilymers.
Secondly, I employed Prussian blue as sacrificial template for the design of iron oxide materials.
Hybrid materials have shown promising potential for energy storage applications, such as
supercapacitors due to the combined properties or advantages of two (or more) individual
constituents. In this work, we report the fabrication of a new composite which combines graphene
oxide (GO) sheets with Prussian blue (PB) nanoparticles, which act as a precursor for iron oxide
(IO). The GO/PB composite precursors with different GO : PB ratios can be successfully
converted into nanoporous GO/IO hybrid composites through a thermal treatment in air at 400 °C.
In the resulting GO/IO composites, the GO sheets are efficiently spaced due to the insertion of IO
layers. Interestingly, the GO/IO hybrid (GO:PB ratio = 25:75) exhibits a higher surface area of
120 m2•g-1 compared to pure GO (34.9 m2•g-1) and IO (93.1 m2•g-1) samples. When employed as
a supercapacitor electrode, the GO/IO hybrid (prepared from GO:PB = 75:25) showed a higher
specific capacitance of 91 F•g-1 at a scan rate of 20 mV•s-1, compared to pure GO (81 F•g-1) and
pure IO (47 F•g-1). The enhanced electrochemical performance of the GO/IO hybrid electrode
may be attributed to the insertion of IO nanoparticles in between the GO layers which creates a
well-spaced electrical transportation path for electrolytes and ions, whilst also enabling easy
access for the electrolytes to the whole electrode surface. Furthermore, the presence of GO in the
GO/ IO hybrid composite helps to lower the resistivity of IO and increase the specific capacitance
value of the hybrid, as a result of the improved conductivity.
Another work reports the preparation of carbon monoxide (CO) oxidation catalysts based on gold
nanoparticles supported on mesoporous iron oxide nanocubes. By heat-treating Prussian Blue
nanocubes at various temperatures between 250-450 °C under air atmosphere, mesoporous iron
oxide nanocubes with surface areas of up to 100 m2 g-1 are obtained. Owing to the relatively large
surface area and mesoporous structure, the as-synthesized iron oxide nanocubes can be loaded
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with up to 11 wt% of Au nanoparticles without significant aggregation. When employed as
catalysts for CO oxidation, the Au-loaded mesoporous iron oxide nanocubes exhibit high CO
conversion rate of over 95% at room temperature under 0.1 L min-1 of CO gas flow, with specific
activity of up to 1.79 molCO gAu-1 h-1. The high catalytic performance of the Au-loaded mesoporous
iron oxide nanocubes for CO oxidation is contributed by various factors, including: (i) the high
surface area of the iron oxide nanocubes which lead to the availability of more sites for the
adsorption of oxygen molecules to react with carbon monoxide to generate more carbon dioxide
(CO2); (ii) the presence of mesopores which enhances the diffusivity of the reactant molecules
during the catalytic reaction and improved dispersion of the deposited gold nanoparticles while
also preventing their aggregation at the same time and (iii) the small size of the deposited gold
nanoparticles (2-5 nm) which falls within the ideal size of gold nanoparticles for achieving high
CO conversion.
Finally, I investigated the synthesis of mesoporous iron oxide nanoflakes without template.
Porous nanomaterials with superior peroxidase mimetic activity at room temperature have gained
increasing attention as low-cost and stable potential alternatives to natural enzymes. Herein, we
report the application of porous iron oxide nanoflakes (IONFs) synthesized using the combination
of solvothermal method and high-temperature calcination as peroxidase nanomimetics for the
oxidation of 3,3′,5,5′-tertamethylbenzidine (TMB) in the presence of H2O2. The our IONF
catalysts exhibited porous strcutures with wide pore size distribution between 2-30 nm and high
specific surface areas of up to 200 m2 g‒1. The increase of calcination temperature of the IONFs
from 250 ºC to 400 ºC resulted in a gradual decrease in their specific surface area and MichaelisMenten constant (Km) for TMB oxidation. The optimum IONF sample showed significantly lower
Km at 0.24 mM compared to natural enzyme horseradish peroxidase (HRP) at 0.434 mM, revealing
the promising potential of the IONFs as an alternative for HRP in catalytic TMB oxidation.
Additionally, we utilized iron oxide nanoflakes as a support material for Au nanoparticles. We
fabricate a highly effective catalyst for carbon monoxide oxidation based on gold-loaded
mesoporous maghemite nanoflakes which exhibit nearly 100% CO conversion and a very high
specific activity of 8.41 molCO•gAu-1•h-1 at room temperature. Such excellent catalytic activity is
promoted by the synergistic cooperation of their high surface area, large pore volume, and
mesoporous structure.
In summary, I successfully synthesized nanostructural iron oxide based materials thorough various
methods, such as soft-template method, sacrificial template method, and solvothermal method as
well as their hybridization. The synthesized materials were subsequently applied to various
potential applications such as biosensors, supercarpacitor, CO and NH3 oxidation catalysts. I
believe that these works I have done in this PhD thesis contribute to the worldwide societies and
the further development of design of nanostructural iron oxide based materials.

3

Acknowledgments
I would like to deliver my best gratitude and respect to my supervisors, Dr. Hossain, and Prof.
Yusuke Yamauchi, Prof. Yoshio Bando, and Prof. Shixue Dou, and for their invaluable
supervision, suggestions, encouragement and understanding during my PhD study at University of
Wollongong (UOW).
Technical assistance and instruction from the staff at UOW, particularly those at Institute for
Superconducting and Electronic Materials (ISEM), such as Dr. Germanas sPeleckis (XRD), Dr.
Dongqi Shi (XPS), Dr. Tony Romeo (FESEM), Dr. Darren Attard (FESEM), Dr. Kosta
Konstantinov (TGA, BET) and Dr. Gilberto Casillas-Garcia (TEM) are greatly appreciated. Other
staff, Ms. Joanne George (Laboratory and Safety Operations Officer), Ms. Crystal Mahfouz
(Administrative Assistant), Ms. Narelle Badger (Administrative Assistant) are highly appreciated
for their administrative and safety education assistance.
I would like to appreciate those staff, colleagues and friends in UOW, such as, Prof. Jung Ho Kim,
Dr. Jeanghun Kim, Dr. Sang A Han, Kyubin Shim, Jaewoo Lee, Jaechoil Choi, Inseong Cho, for
their valuable suggestions and help.
I also appreciate those members in National Institute for Materials Science (NIMS), Japan, such as
Prof. Yusuke Ide, Prof. Satoshi Tominaka, Prof. Joel Henzie, Valentino Yusuf Kaneti, Mohamed
Barakat Zakaria, Muhammad Iqbal, Ni Luh Wulan Septiani, Rahul R Salunkhe, Gilang Gumilar,
Azhar Alowasheeir, Mei Peng, Guo Yanna, Bo Jiang, Kenya Kani, Indra Saptiama, Tan Haibo,
Tang Jing, Danial Sangian, Victor Malgras, Kimiko Takai, Shinobu Oishi, Kaneta Naoko,
Toshiaki Takei and other Namiki Foundry and MANA office staffs for their kind help.
I also would like to deliver my gratitude my collaborators such as Yohei Jikihara, Tsuruo
Nakayama, Masatake Haruta, Mostafa Kamal Masud, Ripon Bhattacharjee Md Nazmul Islam, Md
Hakimul Haque, Vinod Gopalan, Gursel Alici, Nam-Trung Nguyen, Alfred K Lam, Amanullah
Fatehmulla, Wazirzada Aslam Farooq, Prof. Muhammad JA Shiddiky, Saad M Alshehri, Shin-ichi
Yusa, Bishnu Prasad Bastakoti.
Finally, I am really grateful to my family, including my parents, brothers and sisters, for their
support and encouragement in any time throughout my PhD study. Without their support and
concern, I might have been able to succeed in this PhD thesis.

4

Certification
I, Shunsuke TANAKA, declare that this thesis submitted in fulfilment of the requirements for the
conferral of the degree Doctor of Philosophy, from the University of Wollongong, is wholly my
own work unless otherwise referenced or acknowledged. This document has not been submitted for
qualifications at any other academic institution.

Shunsuke Tanaka
28th September 2018

5

List of Names or Abbreviations
%
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2D
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3D
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ampere
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Al2O3
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bovine serum albumin

C 2H 6O

ethanol

C 3H 8O

2-propanol

C 3H 8O 3

glycerol

C 4H 8O

Tetrahydrofuran

CA

chronoamperometric

CO

carbon monoxide

CO2

carbon dioxide

CT

calcination temperature

CTA

chain transfer agent

CTAB

cetyltrimethyl ammonium bromide

CV

cyclic voltammetry

CeO2

cerium(IV) oxide

Co

cobalt

Co3O4

tricobalt tetroxide

Cu

copper

DAB

3, 3'-Diaminobenzidine
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DDS

drug delivery system

DI

deionized

DLS

dynamic light scattering

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

EDLCs

electrochemical double-layer capacitor

EDS

Energy Dispersive X-ray Spectrometer

EISA

evaporation induce self-assembly

F

Faraday

FTIR

Fourier transform infrared

Fe

iron

Fe(CO)5

pentacarbonyliron

Fe(NO3)3 9H2O

Iron(III) Nitrate Nonahydrate

Fe(OH)3

Iron(III) oxide-hydroxide

Fe

2+

Fe2O3
Fe

3+

ferrous
iron(III) oxide
ferric

Fe3O4

magnetite

FeCl3.6H2O

Ferric chloride hexahydrate

Fe_O

iron oxide

FexCo3-xO4

cobalt ferrite

FexOy

iron oxide

GC oven

gas chromatography

GHSV

gas hourly space velocity

GO

graphene oxide

GOX

glucose oxidese

GPC

Gel-permeation chromatography

H2

hydrogen

H 2O

water

H 2O 2

hydrogen peroxide

HAADF

high angle annular dark field

HAuCl4.3H2O

gold(III) chloride trihydrate

HCl

hydrochloric acid

HF

hydrogen fluoride

HRP

horseradish peroxidase

HRTEM

high resolution transmission electron microscope

He-Ne

helium-neon

I

current

ICP

inductively coupled plasma

ICP-AES

inductively coupled plasma -atomic emission spectrometry
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ICP-OES

inductively coupled plasma optical emission spectrometry

IO

iron oxide

IONF

iron oxide nanoflake

IUPAC

International Union of Pure and Applied Chemistry

JCPDS

Joint Committee on Powder Diffraction Standards

K3[Fe(CN)6]•3H2O

Potassium hexacyanoferrate(III)

KMnO4

potassium permanganate

KOH

potassium hydroxide

L

litre

LHPB

large hollow Prussian blue

LaCoxFe1-xO3

Lanthanum cobalt orthoferrite

LaFeO3

Lanthanum orthoferrite

LbL

layer-by-layer

Li2O

lithium oxide

M

molar

M-DMSN

magnetic mesoporous silica nanoparticles

MHz

mega hertz

MNF

mesoporous nanoflakes

MNPs

magnetic nanoparticles

MOF

metal-organic framework

MR

magnetic resonance

MRI

magnetic resonance imaging

MgFe2O4

magnesium ferrite

MgO

magnesium oxide

Mn

manganese

MnOx

manganese oxide

MxFeyO4

ferrite

M xO y

metal oxide

N2

nitrogen

N 2O

nitrous oxide

NCs

nanocubes

NH3

ammonia

NH4F

ammonium fluoride

NMR

nuclear magnetic resonance spectroscopy

NMVOc

non-methane volatile organic compounds

NOx

nitrogen oxides

NPs

nanoparticles

Na4[Fe(CN)6]10H2O

sodium hexacyanoferrate(II) decahydrate

NaAc

sodium acetate

NaCH3COO

sodium acetate
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NaNO3

sodium nitrate

NaOH

sodium hydroxide

Ni

nickel

Ni(NO3)2 6H2O

Nickel(II) Nitrate Hexahydrate

NiFe2O4

nickel ferrite

NiO

nickel oxide

O

oxygen

O2

oxygen

OPD

o-phenylenediamine

P/P0

relative pressure

PAA

polyacrylic acid

PB

Prussian blue

PBA

Prussian blue analogue

PCP

porous coordination polymers

PDDA

poly(diallyldimethylammonium chloride)

PEB

poly(ethylene-co-butylene)

PEG

polyethylene glycol

PEO

polyethylene oxide

PHNP

porous hollow nanoparticle

PIB

poly(isobutylene)

PISA

polymerization-induced self-assembly

PS

polystyrene

PSD

pore size distribution

PVP

poly(vinylpyridine)

Pd

palladium

RAFT

Reversible Addition−Fragmentation Chain Transfer

Rh

rhodium

SAED

selected area electron diffraction

SC

supercarpacitor

SDS

sodium dodecyl sulfate

SEM

scanning electron microscope

SHPB

small hollow Prussian blue

SOx

sulfur oxides

SPB

small Prussian blue

SPGE

screen-printed gold electrodes

STEM

scanning transmission electron microscope

TEM

transmission electron microscope

TEOS

tetraethoxysilane

TG

thermogravimetric

TGA

thermogravimetric analysis
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THF

Tetrahydrofuran

TMB

3,3′,5,5′-tertamethylbenzidine

TSCD

trisodium citrate dihydrate

TiO2

titanium(IV) oxide

UV-vis

ultra violet-visible

V

volt

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction

a.u.

arbitrary unit

cm

centimeter

cm

3

cubic centimeter

eV

electron volt

g

gram

gAu

gram of gold

h

hour

kV

kilovolt

m

meter

m

2

square meter

mA

milliampere

mL

millilitre

mL

millilitre

mM

millimolar

mV

millivolt

mW

milliwatt

mg

milligram

min

minute

min

minute

molCO

mol of carbon monoxide

nm

nanometer

ppm

parts per million

rGO

reduced graphene oxide

s

second

vol%

volume percent

wt%

weight percent

•OH

hydroxyl free radical

°

degree

°C

degree celcius

Å

angstrom

α- Fe2O3

hematite

α-FeOOH

goethite

10

γ- Fe2O3

maghemite

µA

microampere

µL

microlitre

µM

micromolar

µm

micrometer
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Figure 2.1. Various applications of iron oxide based materials.
Figure 2.2. TEM bright field image of 16-nm Fe3O4 NPs deposited from their dodecane dispersion
on amorphous carbon surface and dried at 60 °C for 30 min: (a) a monolayer assembly, (b) a
multilayer assembly, (c) HRTEM image of a single Fe3O4 NPs.
Figure 2.3. Various morpholosies of iron oxide based materials SEM and TEM images of (a) the
hollow hematite spheres, (b) the iron oxide samples prepared by using a ferrous ammonium sulfate,
(c) the as-anodized iron oxide nanotube arrays prepared by anodization of iron foil at 50 V in EG
+ 0.5 wt% NH4F + 3.0 wt% DI water, for a duration of 300 s at 60 °C, (d) the as-deposited iron
oxide film and after annealing at 300 °C, (e) the Fe2O3 nanoplates, (f) the iron oxide nanosheets,
(g) the iron oxide nanocubes for cube edge lengths of 19 ± 3 nm, (h) as-obtained flowerlike
structural α-Fe2O3.
Figure 2.4. (a) SEM images of the colloidal crystal template, (b) 3DOM LaFeO3. Schematic
illustration of the nanocasting pathway using mesoporous silica hard templates with (c) hexagonal
and (d) cubic geometry. TEM images recorded along the [111] direction for mesoporous (e) αFe2O3, (f) Fe3O4, and (g) γ-Fe2O3. (h) a TEM image of mesoporous α-Fe2O3 viewed along and
perpendicular to the direction of the hexagonal pore arrangements.
Figure 2.5. (a) Schematic phase diagram of the various morphologies formed by surfactants
including spherical, reverse and cylindrical micelles, lamellar and bilayer vesicle. TEM images of
(b) 3DMIO recorded along the (110) direction, (c) the extracted iron oxides samples: SDStemplate, and (d) as-prepared material after calcination at 250 °C for 4 h.
Figure 2.6. (a) Schematic phase diagram of the various morphologies formed by block
copolymers, including spherical and cylindrical micelles, vesicles, spheres with face-centered
cubic (space group: Fm3m) and body-centered cubic (Im3m) packing, hexagonally packed
cylinders (p6m), bicontinuous gyroid (Ia3d), F surface (Fd3m), P surfaces (Pm3n, Pn3m, or
Pm3m), and lamella. Adapted with permission. (b) Graphical Representation of the Fabrication of
Mesoporous Fe3O4 Nano/Microspheres with Large Surface Area. TEM and SEM images of (c) the
as-prepared mesoporous Fe3O4 microspheres, (d) mesoporous α-Fe2O3 film after heat treatment at
450 °C, (e) KLE-templated α-Fe2O3 thin films heated to 550 °C.
Figure 2.7. The molecular structures and sources of naturally derived biopolymer components for
bionanocomposites.
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Figure 2.8. (a) The selective preparation of hematite (α-Fe2O3) and magnetite (Fe3O4) nanorods
from coordination polymer nanorods (CPP-15). SEM images of (b) the resulting hematite
nanorods with an average width of 70 ± 8 nm, and (c) the resulting magnetite nanorods with an
average width of 70 ± 12 nm. (d) Schematic illustrations on thermal decomposition of SPB, SHPB,
and LHPB. SEM images of several products prepared by calcination of different PB precursors at
different temperatures. The applied calcination temperatures (°C) are noted in each image. (e) SPB
250 °C (f) SHPB 250 °C (g) LHPB 250 °C. SEM images and the particle-size distributions of
various samples synthesized with potassium hexacyanoferrate(II). The amount of sodium citrate
added is (h) 200, (i) 250, and (j) 300 mg.
Figure 2.9. (a) Schematic illustration of the preparation of nanocomposites consisting of iron
oxides and graphene by a reactive solid-state milling process. (b) SEM and (c) TEM images of
Fe3O4/graphene nanocomposite. TEM images of (d) M-DMSN (magnetic mesoporous silica
nanoparticles), and (e) HAADF image for sample D (dried in a GC oven).
Figure 2.10. (a)Photographs of magnetite nanoparticles (4 nm) dispersed in cyclohexane and an
aqueous solution of CTAB. (b) TEM image of the nanoparticles in the CTAB aqueous solution (c)
process scheme of the obtained magnetite nanoparticles redispersed in CTAB aqueous solution. In
vivo MR images of nude mice bearing KB tumor before and after 4 h intravenous injection of (d
and e) CMD-MNPs and (f and g) FA-conjugated MNPs; (h) In vivo MR signal intensity before
and after 4 h intravenous injection of CMD-MNPs and FA-conjugated MNPs.
Figure 2.11. (a) the Fe3O4 MNPs catalyse oxidation of various peroxidase substrates in the
presence of H2O2 to produce different colour reactions. (b) The possible reaction mechanism of
the oxidation of peroxidase substrates in the presence of H2O2, catalysed by the Fe3O4 nanocrystals.
DH2 is a substrate that is a hydrogen donor. (c) Schematic illustration of peroxidase-mimicking
activity of Au−NPFe2O3NC for the oxidation of TMB in the presence of H2O2. (d) A timedependent catalytic activity of cluster sphere (■), triangular plate (●), and octahedral (▲) Fe3O4
nanostructures with TMB and H2O2 as the substrates under the optimized conditions (i.e., 0.2 M
acetate buffer, pH 4.0 at 40 °C). (e) Amperometric current signals for the negative and positive
control samples (insets in panel is the corresponding photos for i−t curves, respectively).
Figure 2.12. (a) Schematic representation of magnetic nanoparticle-based drug delivery system:
these magnetic carriers concentrate at the targeted site using an external high-gradient magnetic
field. After accumulation of the magnetic carrier at the target tumor site in vivo, drugs are released
from the magnetic carrier and effectively taken up by the tumor cells. (b) Schematic illustration of
simultaneous surfactant exchange and c is platin loading into a PHNP and functionalization of this
PHNP with Herceptin. (c) pH-dependent release of cisplatin from Pt-PHNPs (19.6% Pt/ Fe). The
Pt-PHNPs were incubated in PBS at pH ) 7.4 or at pH ) 6.0 or 5.0) at 37 °C. In each pH condition,
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the Pt and Fe released from the PHNPs were measured by ICP-AES. (d) BSA adsorption curves of
(i) Fe3O4@MCFs, (ii) Fe3O4@FMS. (e) Cumulative release of BSA from (i) BSA–Fe3O4@MCFs,
(ii) BSA–Fe3O4@FMS.
Figure 2.13. Schematic of mechanism of hyperthermia induction inside magnetic field. Heating
curves of FA-conjugated MNPs (b) with different concentrations (25, 35, 55 mg/mL) at fixed
apparent current (I = 600 A) and (c) with different apparent currents (400, 600, 800 A) at fixed
concentration (C = 45 mg/mL).
Figure 2.14. (a) Candidate anode materials for lithium-ion batteries and their theoretical capacities.
(b) Cycling performance of the commercial Fe3O4 particles, GNS/Fe3O4 composite and bare Fe2O3
particles at a current density of 35 mA g-1. Solid symbols, discharge; hollow symbols, charge. (c)
Rate performance of the commercial Fe3O4 particles, GNS/Fe3O4 composite, and bare Fe2O3
particles at different current densities.(d) Charge–discharge behaviors of the iron oxide electrode
at different currents. (e) Galvanostatic charge/discharge curves of rGO, Fe3O4 and nanocomposite
with I!"!!!∶ !"# = 2.8 in 1 M KOH solution at 5 A g-1.
Figure 2.15. (a) Reaction pathways for CO oxidation over supported gold catalysts. CO
conversions of fresh Au/FeOx catalysts for the low-temperature CO oxidation reaction: (b)
Au/Fe_O, transient (d) Au/Fe_O stability at 30 °C. Reaction conditions: 1% CO/20% O2/79% N2,
80,000 mL•h -1•gcat -1.

Chapter 3
Table 3.1. Kinetic Parameters of the Synthesized Mesoporous Iron Oxide Samples
Table 3.2. Comparison of the catalytic activities of iron oxide nanoparticles prepared by different
methods.
Table 3.3. Comparison of the glucose sensing capabilities of the as-synthesized mesoporous iron
oxide with previously reported materials.
Scheme 3.1. Preparation of Poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b-PEG)
Triblock Copolymer via Reversible Addition−Fragmentation Chain Transfer (RAFT) Radical
Polymerization
Scheme 3.2. Schematic illustration showing the formation mechanism of mesoporous iron oxide
from the PS-b-PAA-b-PEG triblock copolymer micelles
Scheme 3.3. Overview of the Developed Assay for Colorimetric and Chronoamperometric
Detection of Glucose Using the Peroxidase-Like Activity of Mesoporous Iron Oxide
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Figure 3.1. Gel-permeation chromatography (GPC) curve of poly(acrylic acid-b-ethylene glycol)
(PAA-b-PEG) obtained using a phosphate buffer (pH 8) containing 10 vol% acetonitrile as an
eluent at 40 °C. The elution curve at 17.2 min was the solvent peak.
Figure 3.2. 1H NMR spectra of (a) poly(acrylic acid-b-ethylene glycol) (PAA-b-PEG) in DMSOd6 at room temperature and (b) poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b-PEG)
in DMSO-d6 at 120 °C.
Figure 3.3. Hydrodynamic radius (Rh) distribution of poly(styrene-b-acrylic acid-b-ethylene
glycol) (PS-b-PAA-b-PEG) in pure water at 25 °C.
Figure 3.4. A typical TEM image of the spherical micelles formed by the PS-b-PAA-b-PEG
triblock copolymer (inset showing the size distribution histogram of the micelles).
Figure 3.5. SEM images of the mesoporous iron oxide calcined at (a) 300 °C, (b) 350 °C, (c)
400 °C, (d) 450 °C, and (e) 500 °C and (f) histogram of the pore diameter distribution of the
mesoporous iron oxide calcined at 400 °C.
Figure 3.6. Low-magnification SEM image of the mesoporous iron oxide calcined at 400 °C.
Figure 3.7. Wide-angle XRD patterns of the mesoporous iron oxide calcined at (i) 300, (ii) 350,
(iii) 400, (iv) 450, and (v) 500 °C.
Figure 3.8. (a) A typical TEM image of the mesoporous iron oxide obtained at an optimized
calcination temperature of 400 °C, (b) selected area electron diffraction (SAED) pattern, and (c)
high- resolution TEM (HRTEM) image.
Figure 3.9. (a) XPS survey spectrum, (b) high-resolution O 1s XPS spectrum, and (c) highresolution Fe 2p XPS spectrum of the mesoporous iron oxide calcined at 400 °C.
Figure 3.10. TG curves of (a) PS-b-PAA-b-PEG triblock copolymer and (b) PS-b-PAA-b-PEG
micelles (with Fe3+). (c) Nitrogen (N2) adsorption−desorption isotherm of mesoporous iron oxide
obtained at an optimized calcination temperature of 400 °C.
Figure 3.11. Mean response of absorbance (UV-vis) (a, b, and c; left panel) and
chronoamperometric current signals (a′, b′, and c′) for negative and positive control samples. Inset
images show the corresponding photos for naked eye evaluation and i−t curves (a, a′ = 400_CT; b,
b′ = 450_CT; and c, c′ = 500_CT, CT denotes calcination temperatures). The error bar represents
the standard deviation of three independent measurements.
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Figure 3.12. Steady-state kinetic analysis using Michaelis−Menten model (main panel) and
Lineweaver−Burk model (inset panel) for mesoporous iron oxide synthesized at various
calcination temperatures (CT) by varying the concentration of (a, b, c) H2O2 and (a′, b′, c′) TMB
with fixed amounts of TMB (800 µM) and H2O2 (700 mM), respectively; (a, a′ = 400_CT; b, b′ =
450_CT; and c, c′ = 500_CT). Each error bar represents the standard deviation of three
independent measurements.
Figure 3.13. (a) UV−vis absorbance and (b) chronoamperometric responses for the designated
concentration of H2O2 using 400_CT mesoporous iron oxide (insets show the corresponding fitting
curves). The error bar represents the standard deviation of three independent measurements.
Figure 3.14. Response-concentration curves obtained with (a) UV−vis absorbance and (b)
chronoamperometric measurements for the designated concentration of glucose using 400_CT
mesoporous iron oxide. Insets show the corresponding linear dynamic ranges for detection of
glucose. The error bar represents the standard deviation of three independent measurements.

Chapter 4
Table 4.1. Comparison of specific activities of Au/Fe2O3-based catalysts for CO oxidation
Figure 4.1. Schematic illustration depicting the formation process of mesoporous Fe2O3 from the
PS-b-PAA-b-PEG triblock copolymer template.
Figure 4.2. (a) TEM image and (b) PS core size distribution histogram of PS-b-PAA-b-PEG block
copolymer micelles.
Figure 4.3. (a, b) SEM images of mesoporous Fe2O3 (a) before and (b) after Au loading. (c) Pore
size distribution histogram of the pristine mesoporous Fe2O3. (d, e) TEM images of mesoporous
Fe2O3 (d) before and (e) after Au loading. (f) High-resolution TEM image of Au-loaded
mesoporous Fe2O3.
Figure 4.4. Wide-angle XRD pattern of Au-loaded mesoporous Fe2O3.
Figure 4.5. Elemental mapping of Au-loaded mesoporous Fe2O3 ((a) Au, (b) Fe, (c) O, and (d)
combined).
Figure 4.6. (a) XPS survey spectrum and (b–d) high resolution XPS spectra of Au-loaded
mesoporous Fe2O3 ((b) O 1s, (c) Fe 2p, and (d) Au 4f).
Figure 4.7. Comparison of catalytic performance of Au-loaded mesoporous Fe2O3 (mesoporous
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Fe2O3/Au) with commercial Au/Fe2O3 ((a) CO oxidation and (b) NH3 oxidation). The data are
normalized by the total catalyst amount (Au + Fe2O3), except for the * plot where the data are
obtained by increasing the amount of the commercial Au/Fe2O3 catalyst as the loading amount of
Au is the same as Au-loaded mesoporous Fe2O3 catalysts.

Chapter 5
Figure 5.1. 1H NMR spectra of (a) PS-b-PAA and (b) PS-b-PAA-b-PEO in DMSO-d6 at 100 °C.
Figure 5.2. GPC elution curves for (a) PS-b-PAA using Shodex Asahipak GF-7M HQ columns
with a phosphate buffer (pH 9) containing 10 vol% acetonitrile as an eluent at 40 °C and (b) PS-bPAA-b-PEO using Shodex KF-803L columnswith tetrahydrofuran (THF) as an eluent at 40 °C.
Figure 5.3. Schematic illustration showing the mechanism of the formation of mesoporous nickel
ferrite from the PS-b-PAA-b-PEO triblock copolymer template.
Figure 5.4. Digital photograph of the reaction solutions before and after micellization. The
micelles dissolved in the solution induced light scattering and displayed a Tyndall effect.
Figure 5.5. (a) TEM image of the pure micelles (PS-b-PAA-b-PEO) in THF + water and (b) the
corresponding PS core-size distribution histogram. (c) SEM image, (d) pore-size distribution, (e)
TEM image, and (f) corresponding selected area electron diffraction (SAED) pattern of
mesoporous nickel ferrite obtained by calcination of the PS-b-PAA-b-PEO template at 500 °C in
air.
Figure 5.6. A highly magnified SEM image of the mesoporous nickel ferrite obtained by
calcination of the PS-b-PAA-b-PEO template at 500 °C. The disconnected parts are indicated by
the 1st and 2nd arrows, and the distorted part of the mesopores is indicated by the 3rd arrow.
Figure 5.7. (a) SEM image, (b) TEM image, and (c) pore size distribution histogram of the
mesoporous cobalt ferrite prepared with cobalt(II) nitrate and iron(III) nitrate; (d) SEM image and
(e) pore size distribution histogram of the mesoporous iron oxide prepared with iron(III) nitrate
obtained by calcination of the PS-b- PAA-b-PEO template at 500 °C.
Figure 5.8. (a) XRD patterns of mesoporous nickel ferrite obtained by calcination of the PS-bPAA-b-PEO template at 500, 600, and 700 °C. High-resolution XPS spectra of (b) O 1s, (c) Fe 2p,
and (d) Ni 2p from mesoporous nickel ferrite obtained by calcination of the PS-b-PAA-b-PEO
template at 500 °C.

Chapter 6
Figure 6.1. Wide-angle XRD patterns of samples prepared with various GO : PB ratios (a) before
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and (b) after calcination.
Figure 6.2. (a) SEM and (b) TEM images of PB nanoparticles used in this study.
Figure 6.3. SEM images of the un-calcined samples prepared with various GO:PB ratios [The
GO:PB ratios are (a) 25:75, (b) 50:50, (c) 75:25, and (d) 100:0, respectively].
Figure 6.4. SEM images of the calcined samples prepared with various GO : PB ratios [the GO :
PB ratios are (a) 25 : 75, (b) 50 : 50, (c) 75 : 25, and (d) 100 : 0, respectively].
Figure 6.5. SEM image of the GO/IO hybrid prepared from the thermal treatment of the GO/PB
sample (GO:PB=25:75) at 400 °C in air.
Figure 6.6. The cross-sectional (a) HAADF-STEM image and (b-d) TEM elemental mapping
images of the GO/IO hybrid prepared from the thermal treatment of the GO/PB sample (GO:PB
=25:75) at 400 °C in air.
Figure 6.7. High-resolution TEM (HRTEM) image of the interface between GO and IO.
Figure 6.8. High-resolution XPS spectra for (a) O 1s, (b) C 1s (c) Fe 2p orbitals of the GO/IO
hybrid prepared from the thermal treatment of the GO/PB sample (GO:PB =25:75) at 400 °C in air.
Figure 6.9. (a) N2 adsorption–desorption isotherms of the calcined samples prepared with various
GO : PB ratios and (b) their pore size distribution curves obtained by the BJH method.
Figure 6.10. (a) Comparative CV curves of GO, IO and GO/IO hybrid samples (prepared with
GO : PB = 25 : 75), (b) CV curves for GO/IO hybrid sample at the scan rates of 20, 40, 60, 80 and
100 mV s-1, respectively, and (c) variation of specific capacitance with different scan rates for
GO/IO hybrid sample.

Chapter 7
Table 7.1. Textural characteristics of the Prussian Blue-derived mesoporous iron oxide nanocubes
obtained at different calcination temperatures
Table 7.2. Specific activities of the as-prepared Prussian Blue-derived Au-loaded mesoporous iron
oxide NCs for CO oxidation and comparison with previously reported Au/FexOy catalysts.
Figure 7.1. TGA curve of the Prussian Blue nanocubes from room temperature to 800 °C under
air atmosphere with a heating rate of 10 °C min-1
Figure 7.2. SEM images of (a) PB NCs, (b) PB-250, (c) PB-350 and (d) PB-450.
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Figure 7.3. XRD patterns of (a) PB NCs and (b) calcined PB NCs (PB-250, PB-350, and PB-450)
and (c) the corresponding N2 adsorption/desorption isotherms and (d) BJH pore size distribution
curves.
Figure 7.4. SEM images of the Au-loaded mesoporous iron oxide NCs: (a) Au/PB-250, (b)
Au/PB-350, (c) Au/PB-450. (d) Typical TEM image, (e) high resolution TEM (HRTEM) and (f)
selected area electron diffraction (SAED) of Au/PB-350.
Figure 7.5. (a) High angle annular dark field (HAADF) TEM image of Au/Fe-MNF-350 and the
corresponding EDS mapping for (b) Fe, (c) O, (d) Au, (e) C, and (f) N.
Figure 7.6. (a) CO conversion efficiencies of Au/PB-250, Au/PB-350, and Au/PB-450 at 25 °C
under CO gas flow of 0.1 L min-1 and humidity level of 60%. (b) The influence of CO gas flow
rate on the CO conversion of these samples at 25 ºC.

Chapter 8
Table 8.1. Textural characteristics of the IONF samples.
Table 8.2. Kinetic parameters of the IONF samples
Table 8.3. Comparison of the peroxidase-mimicking activity (kinetic parameters and conditions)
of iron oxide-based nanostructures and composites for TMB/H2O2 substrate

Figure 8.1. Schematic illustration showing the synthetic process of the porous iron oxide
nanoflakes.
Figure 8.2. A representative SEM image of the iron oxide precursor obtained from the
solvothermal reaction between ferric nitrate nonahydrate and glycerol (10 mL) at 180 °C for 16 h
Figure 8.3. (a) Thermogravimetric analysis (TGA) of the precursor nanoflakes from room
temperature to 800 °C under air atmosphere with a heating rate of 10 °C min‒1. (b) X-raydiffraction (XRD) patterns of the iron oxide nanoflakes obtained at different calcination
temperatures: (i) 250 °C, (ii) 300 °C, (iii) 350 °C and (iv) 400 °C. (c) Nitrogen (N2) adsorptiondesorption isotherms and (d) pore size distribution curves of the mesoporous iron oxide nanoflakes
obtained at different calcination temperatures.
Figure 8.4. (a) XPS survey spectra, (b) high resolution XPS spectra of O1s and (c) high resolution
XPS spectra of Fe2p of IONF_350.
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Figure 8.5. SEM images of (a) IONF_250, (b) IONF_300, (c) IONF_350 and (d) IONF_400.
Figure 8.6. (a) Low- and (b) high-magnification TEM images, (c) high-resolution TEM (HRTEM)
and (d) the corresponding SAED pattern of the IONF_350.
Figure 8.7. (a) Schematic illustration of peroxidase-mimicking activity of IONFs for the oxidation
of TMB in the presence of H2O2. Mean values of (b) absorbance (UV-vis) for the four samples and
control (without IONFs) samples (inset in (b) shows the corresponding photo for the naked eye
evaluation).
Figure 8.8. Steady-state kinetic analyses using Michaelis-Menten model (main panel) and
Lineweaver-Burk model (inset panel) for the IONF samples by varying concentration of H2O2
(0.01 to 1.1 M) (a1 for IONF_250, b1 for IONF_300, c1 for IONF_350 and d1 for IONF_400)
and TMB (0.01 to 1.0 mM) (a2 for IONF_250, b2 for IONF_300, c2 for IONF_350 and d2 for
IONF_400) with fixed amount of TMB (800 µM) and H2O2 (500 mM), respectively.

Chapter 9
Table 9.1. Textural characteristics of the mesoporous iron oxide nanoflakes obtained at different
calcination temperatures
Table 9.2. Specific activities of the Au-loaded mesoporous iron oxide nanoflakes obtained at
different calcination temperatures for CO oxidation and comparison with previously reported
Au/FexOy catalysts.
Figure 9.1. SEM images of the product obtained from the solvothermal reaction between ferric
nitrate nonahydrate and glycerol (10 mL) at 180 oC for 16 h.
Figure 9.2. SEM images of the products obtained using (a) 2 mL, (b) 4 mL, (c) 8 mL, and (d) 10
mL of glycerol, respectively at 180 °C for 16 h under solvothermal conditions.
Figure 9.3. (a) Fourier transform infrared (FTIR) spectrum of the precursor nanoflakes. (b) X-raydiffraction (XRD) patterns of the iron oxide nanoflakes obtained at various calcination
temperatures.
Figure 9.4. Thermogravimetric analysis (TGA) of the iron glycerate nanoflakes from room
temperature to 800 °C under air atmosphere with a heating rate of 10 °C/min.
Figure 9.5. SEM images of the mesoporous iron oxide nanoflakes obtained at calcination
temperatures of (a) 250 °C, (b) 300 °C, (c) 350 °C and (d) 400 °C.
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Figure 9.6. (a) TEM and (b) HRTEM images of mesoporous γ-Fe2O3 nanoflakes obtained from
the calcination of iron glycerate nanoflakes in air at 350 °C (Fe-MNF-350).
Figure 9.7. SEM images of the Au-loaded mesoporous iron oxide nanoflakes obtained at
calcination temperatures of (a) 250 °C (Au/Fe-MNF-250), (b) 300 °C (Au/Fe-MNF-300), (c)
350 °C (Au/Fe-MNF-350), and (d) 400 °C (Au/Fe-MNF-400).
Figure 9.8. (a) TEM and (b) HRTEM images of Au/Fe-MNF-350 (the inset shows the
corresponding SAED patterns). (c) High angle annular dark field (HAADF) TEM image of Au/FeMNF-350 and the corresponding EDS mapping of (d) Fe, (e) O, and (f) Au.
Figure 9.9. (a) XRD patterns of the Au-loaded mesoporous iron oxide nanoflakes obtained at
different calcination temperatures. (b) XPS survey spectra of Fe-MNF-350 and Au/Fe-MNF-350.
(c) CO conversion efficiencies of pure Fe-MNF, Au/Fe-MNF, and Au/commercial Fe2O3 samples
at 25 °C under a CO gas flow of 0.1 L min-1 and at a humidity level of 60%. (d) The influence of
the CO gas flow rate on the CO conversion of these samples at 25 °C. The amount of catalyst is 4
mg, except for the Au-loaded commercial Fe2O3 (40 mg) due to its low conversion efficiency.
Figure 9.10. (a) Comparison of high resolution Fe2p XPS spectra of Fe-MNF-350 and Au/FeMNF-350. High resolution XPS spectra of O1s for Fe-MNF-350 (b) and Au/Fe-MNF-350 (c). (d)
The high resolution Au4f XPS spectrum of Au/Fe-MNF-350.
Figure 9.11. Nitrogen (N2) adsorption-desorption isotherms and pore size distribution (PSD)
curves of the mesoporous iron oxide nanoflakes obtained at different calcination temperatures.
Figure 9.12. Recylability test results of the Au/Fe-MNF-350 for CO oxidation for 20 days
(amount of catalyst = 4 mg, CO flow rate = 1 L min-1, temperature = 25 °C, humidity = 60%)
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Chapter 1
1. Introduction
1.1. Research Background
As rapid increase of the world population, the long lifespan of human being and the
industrialization, the development in biomedical and environmental applications are of great
importance in recent years. On one hand, according to the survey, it is estimated that over 21.7
million people in the world will suffer from new cancer cases, which lead to 13 million death by
2030,1 but the treatment of the cancer still strongly rely on surgical operation, radiation treatment,
or chemical therapy, leading to side-effect or sequela in most case. In some cases, the late
detection of the cancer bring about death without treatment, hence, early detection and facilitated
and less side-effective treatment are essential for saving people suffering from cancer as well as
other disease. Recently, it is often announced that iron based materials play a key role in terms of
diagnosis and treatment such as biosensor, magnetic resonance imaging (MRI), hyperthermia and
drug delivery system (DDS) by means of their special properties.2,3
On the other hand, the large consumption of fossil fuels and the environmental pollutions (soil,
water and air pollution) causing from industry and our daily life has been more and more serious
over the several decades, which strongly affects on current and future ecosystem, human society,
and even economy. Currently, fossil fuels are one of the most reliable energy source, however,
their consumption and limitations have been leading to critical issues. Therefore, the development
of clean renewable energy sources (e.g. fuel cells, lithium ion batteries, electrochemical capacitors
etc…) and the removal of pollutants are urgent demand. In recent years, supercapacitor and
lithium ion batteries are have gained many attentions all over the world and considered as a great
potential as clean energy sources. Currently, activated carbon is mostly used as electrodes
materials of electrochemical double-layer capacitors (EDLCs). However, the specific capacitance
and the improvement of safety are still big challenges. Pseudo capacitor is a great technique,
where electrochemical redox reactions occur between electrode and electolyte to store and deliver
energy because pseud capacitor is capable to achieve greater capacitance and energy densities
compare with EDLCs.4 Metal oxides have been often investigated as electrode materials for
pseudo supercapacitor. Iron based oxide materials (hematite (α-Fe2O3), maghemite (γ-Fe2O3),
magnetite (Fe3O4), and ferrite (MxFeyO4)) are promising materials for the preparation of electrode
materials because of their advantages such as naturally abundance, cost-effectiveness, safety,
environmental friendliness and high theoretical specific capacity.4,5 Also, porous structural
materials are expected to improve capacitance and cycling life because of its large surface area,
pore volume and short diffusion pathway.
While, among environmental pollutions, air pollution (e.g. non-methane volatile organic
compounds (NMVOc), nitrogen oxides (NOx), sulfur oxides (SOx), ammonia (NH3), and carbon
monoxide (CO)) has given rise to critical environmental issues such as acid rain, ozone depletion,
photochemical smog, global warming as well as respiratory infections, heart disease, stroke and
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cancer.6 Furthermore, air pollution is a cause of other pollutions such as water and soil pollution as
a result. Thus, the invention of transformation systems from pollutants to non-toxic or less toxic is
also urgent. Although many efforts have been made to develop new technologies to remove those
pollutants by filtration, absorbents, adsorbents, and catalysis, it is still difficult to treat those
pollutants efficiently. Recently, nanomaterials have been gaining numerous research interests in
order to remove or to catalyze pollutants. Among nanomaterials, novel metals have been often
investigated as promising potential for the removal of those pollutants, however, using novel
metals is restricted due to their disadvantages such as high operating temperature, expensiveness,
and prone to decontamination. The use of transitional metal oxides is anticipated to overcome
those disadvantages and to enhance the performance in the removal of air pollutants as catalysts
and their support materials.
Therefore, the development of nanostructural iron based oxide materials is expected to play a key
role for the improvement in both the biomedical and the environmental applications.

1.2. Thesis structure
In this thesis, design of porous iron oxide based materials for biomedical and environmental
applications is primarily examined. The investigation and understanding of the porous iron oxide
based materials are critical in order to enhance the performances in those applications. The design,
synthesis and characterization of those materials with an emphasis on understanding the
fundamental issues of structural assembly and growth will enable the rational control of the
material compositions, nanostructural morphologies, and properties.
Chapter 2 introduces literature review on the synthesis of nanostractural iron oxide based
materials and their potential applications in biomedical and environmental fields.
Chapter 3 presents the synthesis of mesoporous iron oxide through soft-template method using
poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-PAA-PEG) block copolymer micelles as
template, where the synthesized mesoporus iron oxide are utilized for colorimetric and
electrochemical glucose detection.
Chapter 4 proposes the utilization of mesoporous iron oxide fabricated with PS-PAA-PEG
template as gold nanoparticle supports for the removal of carbon monoxide as a catalyst.
Chapter 5 suggests the further extension to the synthesis of mesoporous nickel ferrite through
soft-template method using poly(styrene-b-acrylic acid-b-ethylene oxide) (PS-PAA-PEO) triblock
copolymers as template.
Chapter 6 describes the hybridization of nanoporous iron oxide with carbon materials as an
electrode material for supercarpacitor application. Prussian blue and graphene oxide were
employed as iron oxide sacrificial template source and carbon material, respectively.
Chapter 7 explains the fabrication of Au nanoparticles loading onto cubic structural nanoporous
iron oxide support derived from Prussian blue for the removal of carbon monoxide.
Chapter 8 refers the synthesis of 2-dimensional mesoporous iron oxide nanaflakes through the
combination of solvothermal method and calcination under air. The synthesized mesoporous iron
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oxide nanoflakes were subsequently applied to peroxidase mimicking for the glucose sensor.
Chapter 9 provides the highly active catalyst for the removal of carbon monoxide using the Au
nanoparticles loading onto mesoporous iron oxide nanoflakes.
Chapter 10 summarized the study in this PhD thesis.
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Chapter 2
Literature review
2.1. Introduction
Iron element is known as the fourth most plentiful resource in the earth and exists with plenty of
oxide phases (e.g. FeO, α-Fe2O3, γ-Fe2O3, Fe3O4 etc…). Owing to their intrinsic and unique
properties (chemical, thermal, optical, electronic, magnetic, low-toxic, inexpensive etc…), iron
oxide based materials have been considered as a great potential for the wide range of
applications such as catalysis, data storage and environmental remediation, biomedical and
energy storage application.1-9(Figure 2.1) There are many factors to determine morphology and
properties of final products such as the selection of metal salt, amount of reducing agent,
temperature, pH etc…. Therefore, proper conditions should be chosen to fabricate the target
morphology and composition materials.

Figure 2.1. Various applications of iron oxide based materials6, 7, 9
Nanomaterials are among greatest potential thanks to their enhancement of the performance in
various applications. In recent years, porous materials have been also attracting considerable
attention due to their unique morphology and properties such as controllable wall composition,
large pore volume, narrow pore size distribution, a large surface area, and modifiable surface
properties.10, 11 In general, porous materials are categorized in three class according to IUPAC
classification such as macroporous (> 50nm), mesoporous (2-50nm) and microporous materials
(< 2nm).12 Mesoporous and microporous materials are also so-called nanoporous materials.
Recently, considerable efforts to develop various porous materials have been devoted such as
hard-templating

method,

soft-templating

method,

and

sacrificial-templating

method.

Additionally, the hybridization of two or more materials is known as a great approach to for the
further utilization of porous materials. The hybridization is an advantageous method in terms of
the utilization of properties of two or more materials as well as the improvement of drawback.
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Accordingly, the porous iron oxide based materials are anticipated to take advantages of
properties of not only the iron oxide but also porous materials. Although there have been many
reports regarding iron oxide, there are still many challenges in their morphology control,
synthesis and fundamental understanding. Therefore, the further investigation of iron oxide base
materials is of crucial importance to unveil these challenges.
Human being lifespan has been becoming longer and longer, and many people struggle with
disease. However, it is still difficult to discover some disease and treat them, therefore, diagnosis
and therapy in early stage are of crucial importance. In biomedical applications, the unique
properties and the utility of the porous iron oxide based materials are ascribed to the
functionalities being capable of storing drug, reacting with biomolecules, and controllability by
magnetic field though it is still on the progress of the development.
Over the last several decades, air, soil, and water pollution produced by human activities are also
more and more serious issues all over the world. Clean, efficient and sustainable energy source
has been attracting lots of research attention with the increasing of population. However, it is
still difficult to alternate all energy source for the clean energy, thereby, developing both the
clean energy resource and the removal of pollutants are urgent needs for protecting human
societies and ecosystem. On one hand, porous metal oxides have been used in the improvement
of energy storage application.13 One of the most commonly used energy storage in our life is
lithium ion battery. Supercapacitor, which is also known as electrochemical capacitor and
ultracapacitor, is also one of the best alternating energy sources thanks to their short charging
duration, fast energy delivery, long durability, high power density, and eco-friendliness. In
human activity, they are widely used ranging from portable devices to hybrid vehicles.14 So far,
carbon based materials are mainly utilized as electrochemical catalysts, however, the use of
carbon based materials limit the specific capacitance and the safeness. Therefore, utilizing
porous metal oxide including iron oxide as alternating carbon based materials, is expected to
solve these issues. On the other hand, the environmental contaminant remediation and
detoxification by nanomaterials have been gaining extensive attention because of their
applicability to remove the pollutants and the biological contaminants efficiently.15,
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Nanomaterials play a key role to detect and to remove the pollutants (gases, contaminated
chemicals, organic pollutants and biological substances) by adsorbing and catalyzing them. In
particular, air pollution have been becoming increasing issue caused form inorganic and organic
compounds even indoor environment.17 For instance, carbon monoxide (CO), which is a
pollutant gas emitted from factories, vehicles, and cigarettes, is one of most hazardous gas
causing serious illness and even death due to their high toxicity. Novel metals are often used as
CO oxidation catalyst, however, an efficient removal of CO gas at room temperature is still
limited because of the need of higher temperature, expensiveness of materials, and scarceness.18
Transitional metal oxides support is promising potential for the development of the efficient CO
removal system due to cheapness, abundance, low toxicity and their properties.
Thus, the utilization of porous iron oxide based materials is expected as great approach in both
biomedical and environmental application. Selection of precursor and structure in the preparation
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step to synthesize porous iron oxide based materials plays a key role in those applications. To
date, plenty of approaches have been performed to prepare iron oxide based materials such as
hydrothermal, sol-gel, sonochemical, coprecipitation, etc.19-21 The preparation of iron oxide
based materials with these approaches is beneficial to fabricate the advanced materials for the
further development in various applications. Herein, the preparation of porous iron oxide based
materials, and their biomedical and environmental applications are summarized.

2.2. General synthesis of iron oxide nanoparticles
Iron oxide nanoparticles (NPs) are one of the most investigated structure among iron oxide based
materials due to their wide applicability. In the case of synthesis of iron oxide NPs, there are
significant factors such as narrow size distribution, good dispersion, stability and high magnetic
response. Selection of conditions such as the preparation methods, metal salts and solvent are
among most important to determine desired materials and properties. Taking advantage of
synthesis of iron oxide NPs as an example, several representative methods are herein
summarized in this section.
Coprecipitation method is almost most popular method to synthesize iron oxide based NPs in
aqueous solution. In general procedure, the precursors firstly experience hydroxide state
following by dehydration to oxide state. Sodium hydrate or ammonium solution is often utilized
as alkaline solution to induce hydroxide state.22
Fe2+ + Fe3+ +8OH- ⇄ Fe(OH)2 + Fe(OH)3 → Fe3O4 + 4H2O

(2.1)

Mascoplo et al successfully synthesized Fe3O4 NPs by coprecipitation method at room
temperature.23 Interestingly, divalent cation iron precursor do not have to be required to
synthesize Fe3O4. Chao Hui et al. repots that iron(II) precursor firstly react with hydroxide
(Fe(OH)2) and then, it results in iron oxyhydroxide by reacting with oxygen from air. Finally,
Fe3O4 are fabricated by dehydration.24 Also, Wu et al. successfully control the very small size of
Fe3O4 NPs through coprecipitation method by controlling the reaction temperature.25

Figure 2.2. TEM bright field image of 16-nm Fe3O4 NPs deposited from their dodecane
dispersion on amorphous carbon surface and dried at 60 °C for 30 min: (a) a monolayer
assembly, (b) a multilayer assembly, (c) HRTEM image of a single Fe3O4 NPs.
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There have been plenty of reports regarding synthesis of Fe3O4 NPs via coprecipitation method,
however, it is difficult to control size distribution of NPs in this method. Surfactant assists the
better control of the narrow size distribution to synthesize NPs in coprecipitation method. Sun et
al. report Fe3O4 NPs with narrow size distribution using surfactant in the synthesis by the
coprecipitation method.26(Figure 2.2)
In addition, hydrothermal and solvothermal route are also common method to prepare iron oxide
NPs thanks to their easy and simple preparation route with inexpensiveness, high yield, low
temperature, and uncomplicated equipment. Iron oxide NPs are synthesized through the reaction
in high temperature aqueous solution with high pressure. There are plenty of advantages in this
method such as controllability of the crystalline and crystal size and morphology by means of
temperature, pressure as well as precursors.27 One of the biggest advantage of these method is no
requirement of N2 atmosphere and refluxing conditions where the synthesis without those
conditions is convenient and safe. In addition, these methods are suitable for high yield synthesis.
There have been a number of synthesis reports in these methods. Fan et al. reported the
homogenous nanocrystalline Fe3O4 prepared by aqueous ferrous sulfate, sodium hydroxide and
sodium thiosulfate with quite high yield more than 90%.
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Ge et al. successfully synthesized

tunable Fe3O4 NPs with 15-30 nm particle size by hydrothermal method.29 While, Yang et al.
successfully synthesized 4 to 5 nm of Fe3O4 NPs through solvothermal method using iron
acetylacetonate, n-octylamine and n-octanol as iron salt the reducing agent, and the solvent,
respectively. In their synthesis, they controlled the particle size of Fe3O4 by changing volume
ratio between n-octylamine and n-octanol. The high concentration of surfactant ligands can limit
the growth of NPs by more octylamine molecules.30 In recent years, Tadic et al. reported the
synthesis of α-Fe2O3 NPs with approximately 8 nm of particle size through one-step
hydrothermal method.31
Furthermore, sol-gel method is a good method to synthesis of Fe3O4 NPs due to fast, simple
efficient process without high pressure as well as controllable wall decomposition, morphology,
size, and homogeneous distribution.32, 33 In a typical sol-gel method, concentration of precursor
is critical parameter to optimize the final products. Xu et al. successfully synthesized iron oxide
magnetic NPs and examined their factors to control particle size.34 In their reports, it was
mentioned that three factors affect particle size such as the dilution of solution, concentration of
ligands and heating temperature of dried gel. Furthermore, Alagiri et al. reported synthesis of αFe2O3 NPs through a sol–gel method using citric acid and triethanolamine, where citric acid and
triethanolamine works as gelling agent.32
Moreover, sonochemical method is commonly conducted under ultrasonication to synthesize
Fe3O4 NPs. This technique can produce interesting morphology from spherical NPs to porous
nanostructure. Many researchers reported synthesis of iron oxide NPs prepared by sonochemical
method.35-38 For example, Abu et al. reported the fabrication of amorphous Fe3O4 with the
particle size ranging from approximately 3 to 14 nm through sonochemical decomposition of
pentacarbonyliron (Fe(CO)5) in the presence of sodium dodecyl sulfate (SDS).38 Interestingly,

31

the synthesized amorphous NPs showed great dispersion by the repulsive force of SDS
molecules on the surface of NPs.
There have been many reports to synthesize iron oxede NPs using both Fe2+ and Fe3+ iron salts, it
is also possible to synthesize MFe2O4 NPs interestingly when the Fe2+ ion salt is replaced to or
add the other transitional metal salts (e.g. Co, Ni, Mn, etc).39-41 Although many efforts have been
made to modify the surface functions, it is still big challenges to prevent the aggregation induced
by their surface energy and magnetism with preferable size in aqueous solution. Even there have
been reports regarding surface modification with surfactants or polymers, the actual particle size
results in larger, which limits the practical applications.

2.3. Synthesis of versatile morphology of iron oxide based materials
To date, many efforts have been made to synthesize iron oxide based materials with various
structure from 1D to 3D such as hollow sphere, nanorods, nanotubes, nanofilms, nanosheets,
nanoflakes, cubes, and flower-like structure.42-58 (Figure 3.3)

Figure 2.3. Various morpholosies of iron oxide based materials SEM and TEM images of (a) the
hollow hematite spheres,54 (b) the iron oxide samples prepared by using a ferrous ammonium
sulfate,47 (c) the as-anodized iron oxide nanotube arrays prepared by anodization of iron foil at
50 V in EG + 0.5 wt% NH4F + 3.0 wt% DI water, for a duration of 300 s at 60 °C,57 (d) the asdeposited iron oxide film and after annealing at 300 °C,48 (e) the Fe2O3 nanoplates,137 (f) the iron
oxide nanosheets,55 (g) the iron oxide nanocubes for cube edge lengths of 19 ± 3 nm,42 (h) asobtained flowerlike structural α-Fe2O3.43
For instance, well-ordered iron oxide nanotubes with inner diameter up to 80 nm were
synthesized through electrochemical anodization of iron foil by Xie et al..57 It is mentioned that
the anodization conditions, including potential, the concentration of H2O and NH4F, the
temperature in anodization, and temperature in thermal process, are the strong factors to control
the morphology and structural properties of the iron oxide over the synthesis. In thier method,
the tube-like morphology was remained even calcined at high temperature up to 600 °C,
however, the morphology started to collapse when calcination at higher temperature above
700 °C due to the crystal growth of iron oxide wall. Guan et al. reported the synthesis of Fe3O4
nanosheets derived from Fe3O4 NPs without template.55 Fe3O4 NPs were firstly synthesized with
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(AMPS/AM/IA) by hydrothermal method and then converted into sheet-like structure with 10
nm of thickness by self-assembly at low pH condition. In their reaction, a carboxylic acid and a
sulfonic acid of terpolymer macromolecules chemically adsorb onto Fe3O4 NPs. Terpolymer
macromolecules are helpful for preventing serious aggregation of Fe3O4 NPs and following by
the formation of 2D network. The self-assemble of Fe3O4 nanosheets derives from several
interactions such as the interplay of anisotropic dipolar, electrostatic and isotropic van der Waals
forces. Jiang et al. successfully synthesized the iron oxide nanocubes via solvothermal method
assisted with microwave.53 The heating duration is a key factor to obtain the uniform
morphology in their method. Interestingly, the iron oxide forms NPs with 6 nm when the
duration of microwave is 90 min, where iron oxide forms low crystallinity phase in this stage.
However, the iron oxide partially converted into cube-like structure with heat treatment in a
Teflon-lined stainless autoclave for 10 h and forms Fe3O4 and α-Fe2O3. When increase the heat
treatment for 20 h, the morphology of iron oxide showed homogenious cube-like structure with
the increase of crystallinity of α-Fe2O3 phase. Also, Zhong et al. successfully synthesized flowerlike iron oxide through reflux with heat at 195 °C. In their reaction system, the as-prepared iron
oxide firstly forms 100 nm particles by nucleation and nucleic growth. The product forms
microsphere with the increase of the amount of the product as the process of reaction. Finally,
the growth of the nanostructure size gradually proceeds and the morphology of the iron oxide
product results in flower-like structure. In the thermal decomposition of the as-prepared iron
oxide, the iron oxide interestingly reveals 2 different crystal phases as α-Fe2O3 and Fe3O4
calcined under air atmosphere and nitrogen atmosphere, respectively.

2.4. Template methods
Template method has been widely investigated by many scientific researchers due to its simple
design. Template methods are commonly utilized to synthesize nanostructural porous materials.
In general, template method requires three steps: The first step is fabrication of template
followed by a common synthesis. The final step is removal of template, resulting in replicated
porous structure. Template method is mainly classified into two categories: one is hard-template
method and the other is soft-template method. The main advantage of hard-template method is a
stable controllability to obtain desired morphology. In contrast, soft-template is relatively easier
and simple to eliminate by heat treatment or dissolution in proper solution. The selection of
template is a key to prepare porous materials with target structure. Furthermore, using
coordination polymers and MOFs as sacrificial template is another approach to fabricate welldefined nanoporous materials due to their advantages. In this section, the fabrication of iron
oxide based materials through the template methods are summarized.

2.4.1. Hard-template method
Hard-template method is an important strategy to fabricate porous metals, metal oxides, their
composites and carbon in nanoscale since it directly gives the stable porous structure to the final
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products. Wide variety of hard template was previously reported such as polymeric microsphere,
anodic aluminum oxide(AAO) and silica.59-61 Although polymer is well known as soft-template,
polymer beads are also widely used as hard-template because its capability of rigid structure.
The particle size is controllable by the rate of polymerization in wide range.62

Figure 2.4. (a) SEM images of the colloidal crystal template,63 (b) 3DOM LaFeO3.63 Schematic
illustration of the nanocasting pathway using mesoporous silica hard templates with (c)
hexagonal and (d) cubic geometry.64 TEM images recorded along the [111] direction for
mesoporous (e) α-Fe2O3, (f) Fe3O4, and (g) γ-Fe2O3.66 (h) a TEM image of mesoporous α-Fe2O3
viewed along and perpendicular to the direction of the hexagonal pore arrangements.68
In the report by Xu et al., polymethyl methacrylate was successfully used as hierarchical ordered
colloidal template to synthesize three-dimensionally ordered macroporous LaCoxFe1−xO3.63
(Figure 2.4a and b) In general, removal of template is carried out by dissolution in appropriate
solvents, calcination or pyrolysis. Silica template is often employed to fabricate porous metal
oxides as hard template because of its versatile morphology and adjustable size.64 (Figure 2.4c
and d) Functionalization on the surface of silica is helpful to achieve desired structure. Also,
silica template has a good stability even under severe conditions such as vacuum, high
temperature and strongly acidic environment, which lead to better quality framework.65
Previously various three-dimensional ordered macroporous metal oxide materials including iron
oxide have been synthesized by colloidal silica template.62 In recent years, mesoporous silica has
been promoting research interest as template to synthesize mesoporous metal oxides framework.
Feng et al. reported the synthesis of ordered mesoporous Fe3O4 and γ–Fe2O3 using mesoporous
silica (KIT6) as template.66 In their report, the α-Fe2O3 was firstly obtained by calcination at high
temperature under air atomosphere and reduced to Fe3O4 by the calcination under H2 and Ar gas
atmosphere. (Figure 2.4e and f) Interestingly, the further calcination of Fe3O4 under air leads to
the formation of γ–Fe2O3 phase. (Figure 2.4g) In addition, Bagheri et al. successfully doped
magnesium into the iron oxide and synthesized mesoporous MgFe2O4 by using KIT6 as
template.67 Recently, Seyed et al. reported mesoporous α-Fe2O3 using another mesoporous silica
(SBA15). (Figure 2.4h)68 To date, a number of other studies have demonstrated the preparation
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of porous materials templated by silica includind mesoporous silica.69 Although silica is widely
used as rigid template, the process of the removal of silica is drawback because hydrofluoric acid
(HF) or sodium hydroxide (NaOH) are used in elimination process, which is well known as toxic
and environmentally unfriendly chemical.

2.4.2. Soft-template method
Soft-template method is important to fabricate porous structural materials. In general, the
materials for soft template is surfactants, polymer and biopolymer which form aggregation by
intermolecular or intramolecular force such as static electricity, hydrogen bonding, van der
Waals force, and chemical bonding.70 Removal of the soft template is relatively simple and facile
process.

Figure 2.5. (a) Schematic phase diagram of the various morphologies formed by surfactants
including spherical, reverse and cylindrical micelles, lamellar and bilayer vesicle. TEM images
of (b) 3DMIO recorded along the (110) direction,76 (c) the extracted iron oxides samples: SDStemplate,77 and (d) as-prepared material after calcination at 250 °C for 4 h.78
Surfactant consists of hydrophilic and hydrophobic part and it forms versatile morphology in
solution such as spherical, cylindrical, and lamellar micelles.71(Figure 2.5a) The surfactant
becomes liquid crystal phase at high concentration in the aqueous media, based on surfactant
geometry. In the solution, inorganic precursor interacts with surfactants. In the preparation step,
the choice of proper condition plays an important role to determine desired morphology since the
condition is directly affect the interaction between organic and inorganic interface. For example,
the interaction between them is a weak hydrogen bonds in strong acidic solution, whereas, strong
electrostatic force occurs in strong alkaline solution.70 In most case, porous materials using
surfactant template are obtained by aqueous solution fabrication route or the evaporation induce
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self-assembly (EISA) routes.72 Also, the removal of the template is an important process, thus,
proper process should be selected in accordance with template and the framework composition.
In recent years, various mesoporous transition metal oxides were synthesized by using
surfactants as soft-template.73, 74 Pore size of these materials is usually small because the pore is
obtained by low-molecular weight amphiphilic molecules, which has short hydrophilic and
hydrophobic parts. Consequently, their short hydrophobic chains leads to small pore size.75 Jiao
et al. successfully synthesized ordered mesoporous iron oxide with 2D hexagonal structure and
mesoporous iron oxide with 3D cube-like structure prepared by decylamine surfactant as soft
template.76 (Figure 2.5b) Furthermore, Mitra et al. utilized sodium dodecyl sulfate (SDS) and
SDS–cosurfactant as soft-template to synthesize mesoporous iron oxide with the average pore
size at approximately 2.5 nm with narrow pore size distribution.77 (Figure 2.5c) Srivastava et al.
reported the synthesis of mesoporous iron oxide with very small pore size up to 7.5 nm using
cetyltrimethylammonium bromide (CTAB) as template.78 (Figure 2.5d)

Figure 2.6. (a) Schematic phase diagram of the various morphologies formed by block
copolymers, including spherical and cylindrical micelles, vesicles, spheres with face-centered
cubic (space group: Fm3m) and body-centered cubic (Im3m) packing, hexagonally packed
cylinders (p6m), bicontinuous gyroid (Ia3d), F surface (Fd3m), P surfaces (Pm3n, Pn3m, or
Pm3m), and lamella. Adapted with permission.79 (b) Graphical Representation of the Fabrication
of Mesoporous Fe3O4 Nano/Microspheres with Large Surface Area. TEM and SEM images of
(c) the as-prepared mesoporous Fe3O4 microspheres,80 (d) mesoporous α-Fe2O3 film after heat
treatment at 450 °C,81 (e) KLE-templated α-Fe2O3 thin films heated to 550 °C.82
The diameter of pore size generally depends on hydrophobic part of template. Polymer templates
have been widely used to enrich pore volume and surface area by enlarging pore size. Polymer,
especially block copolymer, is widely employed in order to synthesize mesoporous materials due
to its advantages such as large molecular weight, stability in the aqueous solution and various
molecular structures, leading to mesoporous structure.79 (Figure 2.6a) The structure and
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morphology are controllable by using different combination of blocks and should be adapted to
applications. PAA was utilized as soft template by interacting with Fe3O4 NPs to synthesize
mesoporous Fe3O4 nanospheres.80 (Figure 2.6b and c) Torsten et al. reported the synthesis of
mesoporous α-Fe2O3 and α-FeOOH thin film utilizing poly(isobutylene)-block-poly(ethylene
oxide) (PIB–PEO) block copolymer as soft-template, which successfully increase pore size to 8
nm compared to the soft-template method surfactant.81 (Figure 2.6d) Furthermore, Brezesinski
et al. reported the synthesis of mesoporous α-Fe2O3 thin film with approximately 15 nm pore
size by using poly(ethylene-co-butylene)-block-poly(ethylene oxide) diblock copolymer (PEBPEO) as template.82 (Figure 2.6e) In their report, it is stated that the synthesis using hydrated
ferric nitrate as iron salt showed better nanostructure, homogeneity, and the sample quality
compared with iron (III) chloride as well as avoiding the formation of α-FeOOH during
calcination from 250 °C and 350 °C, where α-FeOOH phase is undesirable to synthesize α-Fe2O3
and γ-Fe2O3. It is clear that using polymer as template is beneficial to enlarge pore size compared
with surfactant, however, it is still a challenge to fabricate well-crystallized materials because the
wall composition tends to collapse at extremely high temperature due to their crystal growth,
where polymers experience the difficulty to preserve their morphology. Furthermore, selecting
proper inorganic precursor plays a key role to obtain target materials with desirable properties.
Biopolymer or Biomolecule is another promising soft-template to fabricate porous materials
owing to their natural availability, various structures, less toxicity as well as facile process in the
removal of template. DNA, protein, virus etc… are commonly used as biopolymer template.83, 84
(Figure 2.7)

Figure 2.7. The molecular structures and sources of naturally derived biopolymer components
for bionanocomposites.84
Over the several years, many reports have been published about porous iron oxide based
materials templated by biological material templates.85,
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For example, Zhaoting et al.

successfully synthesied hierarchical porous iron oxide with wide range of pore size from 20 nm
to 50 µm templated by Paulownia, Pine, Lauan and Fir wood.87 Recently, cellulose is used in
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wide range as template because of natural abundant and many sources. Zlotsk et al. reported the
synthesis of iron oxide using cellulose filter paper as template through sol-gel method.
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Also,

tobacco mosaic virus is well familiar as biomolecule template for synthesis porous inorganic
materials.89 Sachin et al. reported the synthesis of iron oxide with rod-shaped tobacco mosaic
virus templates.90 In those achievements, it is obvious that biopolymer/molecule is a great
template to fabricate various kinds of structural materials though it might be difficult to find
alternative template, which has same properties and/or morphology in nature. Also, the control
of the morphology of resultant materials is the big challenge in case of biological template
synthesis.

2.4.3 Sacrificial template method
Coordination polymers and Metal-organic framework (MOF) are one of most interesting
materials as structurally functional materials in nanoscale owing to their uniform pore
distribution and large surface area after removing organic ligands. MOF consists of covalent
linkages between metal ions and organic ligands and has various morphologies (1D-3D), which
is a great potential in agreement with applications.65,
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MOFs are often used to prepare

mesoporous metals/metal oxides by thermal decomposition. For example, porous iron oxide was
synthesized from MIL-88 by thermal decomposition method. Interestingly, calcination under air
led to hematite (α-Fe2O3), while the additional calcination under nitrogen gas resulted in
magnetite (Fe3O4).92(Figure 2.8a-c) Prussian blue(PB) and Prussian blue analogue (PBA), which
are a class of cyano-briged MOF, are one of the most popular materials among MOFs to prepare
porous metal oxides because of its simple conversion and a wide variety of morphology.93 In a
common strategy, various porous metal oxides are prepared by thermal decomposition of
cyanide group from PB and PBA. In a mechanism, abundant metal ions in MOF play roles as
metal source. On the other hand, cyanide groups play an important role to leave behind spaces
after the removal of organic ligands by calcination resulting in porosity. For example, Hu et al.
reported amorphous iron oxide, γ-Fe2O3, and α-Fe2O3 cubic NPs with around 100nm by
calcination of PB.94 (Figure 2.8d-g) In their report, morphology and crystallinity at different
calcination temperature were investigated. It was mentioned that the cubic structure was
preserved even in higher temperature (at 400 °C), and crystal phase became higher with increase
of calcination temperature but the particle size is slightly decrease and the surface of iron oxide
nanocubes start to be rough. The size reduction arises from decomposition of cyanide parts. In
addition, Ya-Dong et al. successfully also synthesized a good control particle size PB from 20 to
500nm with preservation of morphology by the amount of sodium citrate, which is chelating
agent leading to control the nucleation rate slow and crystal growth. 95(Figure 2.8h-i) This report
can also extend to the preparation of size control of metal oxide particles with porous structure.
Furthermore, the synthesis of FexCo3-xO4 with spinel structured metal oxide with relatively large
surface area from PBA was examined by Xuning et al..96 From those reports, it is expected that
the composition, magnetism and particle size can be adjusted in the preparation step of
coordination polymers and MOFs.
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Figure 2.8. (a) The selective preparation of hematite (α-Fe2O3) and magnetite (Fe3O4) nanorods
from coordination polymer nanorods (CPP-15 ).92 SEM images of (b) the resulting hematite
nanorods with an average width of 70 ± 8 nm, and (c) the resulting magnetite nanorods with an
average width of 70 ± 12 nm.92 (d) Schematic illustrations on thermal decomposition of SPB,
SHPB, and LHPB.94 SEM images of several products prepared by calcination of different PB
precursors at different temperatures. The applied calcination temperatures (°C) are noted in each
image. (e) SPB 250 °C (f) SHPB 250 °C (g) LHPB 250 °C.94 SEM images and the particle-size
distributions of various samples synthesized with potassium hexacyanoferrate(II). The amount of
sodium citrate added is (h) 200, (i) 250, and (j) 300 mg.95

2.5. Hybrid materials
Hybridization is another approach to utilize the unique properties of two or more species. The
hybrid materials enable to fabricate functional nanostructure materials in simple, fast and
inexpensive process by electrostatic force, hydrogen bonding, and charge-transfer.97-104 The
properties of the hybrid materials are decided by the composition and structure. Currently,
various materials including carbon, silica, as well as noble metal are widely used for the
biomedical and the environmental applications due to their utilities, thus, combining these
materials with iron oxide based materials is promising approach to fabricate functionally
advanced materials in addition to reducing cost. In general, carbon materials interact with metal
oxides by hydrogen bond and electrostatic force. Activated carbon has been currently employed
as an electrode material for energy storage applications. Hybridization with metal/metal oxides is
anticipated to enhance the electrochemical property. Du et al. demonstrated hybrid activated
carbon with Fe3O4.105 Also, carbon nanotube has been promoting research interest since its
discovery in 1991.106 Huiqun et al. reported the carbon nanotubes with iron oxide by chemistry
precipitation method.107 Graphene oxide is well known as 2-dimensional sheets with quite large
surface area but it is generally struggle with utilization of whole surface area because of strong
π-π bonding and Van der Waales interaction.108 By the hybrid graphene with metals/metal oxides,
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they assemble 2 to 3-dimensional structure, leading to higher surface area and interesting textual
properties.51, 109-111 For example, Zhao et al. reported iron oxide nanoflakes/graphene composites
through mechanochemical synthesis route.51 In their reaction system, bulk metallic iron and
graphene oxide were ground in the stainless-steel grinding bowl, and metallic iron react to oxide
phase by forming flake-like structure on the surface of graphene oxide. Meanwhile, graphene
oxide went through reduction and forms graphene. As a result, iron oxide nanoflakes/graphene
composites were obtained by the calcination under Ar to form Fe3O4/graphene. (Figure 2.9a-c)

Figure 2.9. (a) Schematic illustration of the preparation of nanocomposites consisting of iron
oxides and graphene by a reactive solid-state milling process. (b) SEM and (c) TEM images of
Fe3O4/graphene nanocomposite.51 TEM images of (d) M-DMSN (magnetic mesoporous silica
nanoparticles),113 and (e) HAADF image for sample D (dried in a GC oven). 125
Coating on the surface of metal oxides by inorganic and/or organic materials could enhance the
properties in biomedical application such as higher biocompatibility, prevention of aggregation
of NPs and targeting tumor.112 Silica plays an important role as not only template but also hybrid
composite because of its greater properties such as less cytotoxicity, easy and simple method for
coating and enlargement of specific surface area.113 Although there is drawback like a decrease
of magnetism, coating by silica, novel metals, polymers exhibits much better biocompatibility
and capability of their property.114-116 Coating by mesoporou silica, biocompatibility and surface
area can be improved. Furthermore, by coating metal oxide with organic materials (e.g.
surfactant), biocompatibility is further increase and helps dispersion in the aqueous solution.117
Coating with less toxic materials on the surface of metal oxides is advanced strategy to
overcome difficulties and to utilize properties of coated materials. For example, An et al.
reported magnetic mesoporous silica, where Fe3O4 NPs forms core synthesized by co
precipitation method and mesoporous silica forms shell synthesized by hydrolysis route. (Figure
2.9d) The amount of tetraethoxysilane (TEOS) is a key factor to control the particle size of final
products.113 Iron oxide based materials have been often employed as novel metal supports in
various applications due to their high catalytic activity, high stability, durability, less toxicity
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etc…118-123 There have been a number of reports about the deposition of novel metal onto
supports derived from iron oxide based materials with various methods.119, 124 The performance
in various applications is strongly dependent on the preparation method.124 Hutching et al
prepared the iron oxide-supported Au NPs by co-precipitation method.125 (Figure 2.9e) It is
stated that the calcination at high temperature results in the agglomeration of Au NPs with the
increase of particle size of Au and the valency state of Au NPs tend to be more metallic. The
interaction with metal oxide support relies on the preparation method. For example, depositionprecipitation method has the strong interaction with metal oxide support, which leads to the
better performance in the application.124

2.6. Applications
2.6.1. Biomedical applications
Iron oxide based materials are useful in biomedical application in not only diagnosis but also
treatment in vivo and vitro. Particle size, surface functionalization, surface area and pore volume
are significant parameter, adapting to applications. Although many approaches have been
performed to each application, it is still challenge to develop iron oxide based materials for
multiple applications. Herein, recent reports on biomedical application by iron oxide based
materials materials are summarized.

2.6.1.1. Magnetic resonance imaging
Magnetic resonance imaging (MRI) is of great importance for diagnosis of various disease. So as
to obtain clear images, using nanomaterials as contrast agent is very helpful in MRI.113 Currently
gadolinium chelate are used as contrast agent, which make images clearer in T1 (longitudinal
relaxation time)-weighted images but the agents lead to make image dar M-DMSN
ecause of short intravascular half-lives and rapid renal excretion.30, 126 Magnetic materials, in
particular superparamagnetic materials could be used to clarify clear image in T1, T2(transverse
relaxation)-weighted images contrast agent.127 However, it is still hard to deliver magnetic
materials to the targeting site since the magnetic materials are carried to targeting site by the
reticuloendothelia system (RES) which result in less effective detection.128 Magnetic materials
enable to be carried to the targeting site by magnetic fields and coating the magnetic materials by
surfactants, polymers, silica, gold, platinum etc… could achieve the better detection and
targeting as well as high biocompability.129, 130 In addition, coating by some of those materials
helps the dispersion in aqueous solution. For example, Tian et al suggested Fe3O4 NPs
functionalized with octylamine for MRI as contrast agent. The functionalized Fe3O4 NPs were
well-dispersed in the aqueous solutions in the presence of cetyltrimethyl ammonium bromide
(CTAB).30 (Figure 2.10a-c) Also, Jiang et al. reported the effectiveness of MRI by Fe3O4 NPs
functionalized by folic acid to react with tumor cell, which achieve great biocompatibility,
resulting in good contrast change.131 (Figure 2.10d-h)
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Figure 2.10. (a)Photographs of magnetite nanoparticles (4 nm) dispersed in cyclohexane and an
aqueous solution of CTAB. (b) TEM image of the nanoparticles in the CTAB aqueous solution
(c) process scheme of the obtained magnetite nanoparticles redispersed in CTAB aqueous
solution.30 In vivo MR images of nude mice bearing KB tumor before and after 4 h intravenous
injection of (d and e) CMD-MNPs and (f and g) FA-conjugated MNPs; (h) In vivo MR signal
intensity before and after 4 h intravenous injection of CMD-MNPs and FA-conjugated MNPs.131

2.6.1.2. Biosensors
In recent years, various nanomaterials including iron oxide based materials have been used for
biosensors to detect glucose, DNA, virus, bacteria and cancer cell.130, 132 It is demanded that the
materials for biosensor should be sensitive, less power consumption, stabile, responsive, resistant
to aggressive media, inexpensive, and automative.133 Also, the functionalization on the surface of
materials is advantageous in the detection for molecular interaction, therefore, nanostructural
iron oxide based materials could meet these requirements because the large surface area allow
materials to be functionalized more efficiently for the interaction with targeting biomolecules.
Immobilization of enzyme is of great importance for biosensor to retain bioactivity by utilization
of nanomaterials.134 In recent years, iron oxide based materials has been attracting numerous
attention for intrinsic enzyme-mimicking activity known as nanozyme because they show
peroxidase-like and catalase-like activities under physiological reaction conditions.135 In
particular, iron oxide based materials have been considered as the promising potential for the
alternate for natural enzyme horseradish peroxidase (HRP) due to their higher stability towards
the denaturation or protease digestion, inexpensive and easy synthesis, and engineered substrate
binding pockets for specific molecular recognition compared to natural enzyme.122, 136 To date,
various biological substrate such as 3,3′,5,5′-tertamethylbenzidine (TMB), 2, 2'-azino-bis (3ethylbenzthiazoline-6-sulfonic

acid)

(ABTS),

3,

3'-Diaminobenzidine

(DAB),

o-

phenylenediamine (OPD) etc… have been investigated as potential candidate for the peroxidaselike activity.122, 135-138 In the typical reaction, iron oxide based materials catalyze chromogenic
substances in the presence of H2O2, which is detected as color change. (Figure 2.11a-c) This
color change occurs from the oxidation of biological substrate with generating hydroxyl free
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radical (·OH) following Fenton reaction.122, 135

Fe + H2O2→Fe + OH + ·OH

(2.2)

There have been several factors to enhance the catalytic activity of peroxidase mimics by iron
oxide based materials. Although it is known that both Fe2+ and Fe3+ ion have the catalytic effect
of peroxidase-like catalytic activity, Fe2+ ion shows better catalytic performance compared with
Fe3+ ions.135 Generally, it is considered that the active site of peroxidase mimic arise from the
surface iron oxide based materials on the surface, thereby, large surface area is one of the biggest
factor to interact with more substrate.136

Figure 2.11. (a) the Fe3O4 MNPs catalyse oxidation of various peroxidase substrates in the
presence of H2O2 to produce different colour reactions.135 (b) The possible reaction mechanism
of the oxidation of peroxidase substrates in the presence of H2O2, catalysed by the Fe3O4
nanocrystals. DH2 is a substrate that is a hydrogen donor.58 (c) Schematic illustration of
peroxidase-mimicking activity of Au−NPFe2O3NC for the oxidation of TMB in the presence of
H2O2.136 (d) A time-dependent catalytic activity of cluster sphere (■), triangular plate (●), and
octahedral (▲) Fe3O4 nanostructures with TMB and H2O2 as the substrates under the optimized
conditions (i.e., 0.2 M acetate buffer, pH 4.0 at 40 °C).58 (e) Amperometric current signals for
the negative and positive control samples (insets in panel is the corresponding photos for i−t
curves, respectively).136
Interestingly, the crystal phase and morphology also affect the result due to the preferential
affinity toward substrates. Liu et al. investigated three different morphology of iron oxide such
as cluster spheres, octahedra, and triangular plates for TMB oxidation.58 In their report, the
cluster spheres showed best affinity for TMB thanks to their highest surface area among three
samples. Although the octahedral iron oxide revealed very similar specific surface area to
triangular plate, the triangular plates showed better performance compared with the octhedra.
This is because that the lattice fringe observed by TEM where {111} planes were observed from
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octohedra and {220} planes were observed from triangular is quite different. It was stated that
the surface with {220} planes might be more reactive than the surface with {111} planes because
of open plane and dangling bonds. (Figure 2.11d) Moreover, electrochemical biosensors have
been considered as a convenient method where biological events are converted into electronic
signal in the electrochemical biosensor system. According to some reports, the electrochemical
biosensors can show better sensitivity compared to the colorimetric detection as well as other
advantages such as operational simplicity, low-cost, and high selectivity.122, 139 Up to date, plenty
of efforts have been devoted to prepare nanomaterials for electrochemical biosensors.122, 140-144
Recently, those nanomaterials, including iron oxide based materials have been applied to
electrochemical

biosensors

with

various

techniques

such

as

cyclic

voltammetry,

chronopotentiometry, impedance spectroscopy and chronoamperometry. For instance, iron oxide
is often utilized as electrochemical biosensors to detect hydrogen peroxide (H2O2), which is
commonly used to oxidation agent in the chemical, food, and pharmaceutical industry.139, 145
Zhang et al. firstly reported the layer-by-layer structural Fe3O4–poly(diallyldimethylammonium
chloride) (PDDA) composite film detected the concentration of the H2O2, where the composite
showed great stability with 90 % current response after incubation at 67 °C and with
approximately 93 % of its initial response even storing for 50 days under room temperature.146 In
another report by Cao et al., Fe2O3 nanowire arrays were applied to the electrochemical glucose
sensor as an electrode material. The Fe2O3 nanowire showed great selectivity toward glucose
oxidation and high durability.147 It is mentioned that the nanostructure provides great interaction
between electrode and detected molecules, and the charge distribution on the reaction site
provides better conductivity to the diffusion of probe ions onto the electrode which in turns
enhance the sensitivity and lowered non-faradic behavior by facilitating electrons or signals
transfer. Furthermore, Masud et al. reported the peroxidase mimicking activity of Au NPs
loading onto porous iron oxide (Au/Fe2O3) support for electrochemical biosensor of TMB in the
presence of water in addition to colorimetric detection.136 (Figure 2.11e) The Au/Fe2O3 showed
great enhancement of TMB oxidation even at room temperature, which is thanks to the large
surface area of samples where the samples facilitate the interaction with increased amount of
positively charged TMB and the TMB/H2O2 reaction.

2.6.1.3. Drug delivery System
The development of Drug delivery system(DDS) is crucial in order to reduce side effects and to
enhance the effect of therapy in the treatment of disease. Considerable efforts have been devoted
to develop DDS by many approaches such as stimuli-responsive polymeric NPs, liposomes,
metals/metal oxides, and exosomes, but there have been still challenges to be overcome
including biotoxicity, targeting, difficulty of fabrication in large scale and economical
availability.148-152 In those systems, drug is entrapped, attached, absorbed or encapsulated into or
onto the carrier agent. Iron oxide based materials are beneficial to carry drug to target tumor due
to their controllability by magnetic fields.153, 154 (Figure 2.12a)
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Figure 2.12. (a) Schematic representation of magnetic nanoparticle-based drug delivery system:
these magnetic carriers concentrate at the targeted site using an external high-gradient magnetic
field. After accumulation of the magnetic carrier at the target tumor site in vivo, drugs are
released from the magnetic carrier and effectively taken up by the tumor cells.6 (b) Schematic
illustration of simultaneous surfactant exchange and c is platin loading into a PHNP and
functionalization of this PHNP with Herceptin.154 (c) pH-dependent release of cisplatin from PtPHNPs (19.6% Pt/ Fe). The Pt-PHNPs were incubated in PBS at pH ) 7.4 or at pH ) 6.0 or 5.0) at
37 °C. In each pH condition, the Pt and Fe released from the PHNPs were measured by ICPAES.154 (d) BSA adsorption curves of (i) Fe3O4@MCFs, (ii) Fe3O4@FMS.155 (e) Cumulative
release of BSA from (i) BSA–Fe3O4@MCFs, (ii) BSA–Fe3O4@FMS.155
A key parameter in DDS is the rate of adsorption and release as well as delivery of drug to
targeting site. Nanostructured materials play important roles as a drug vehicle, which is expected
to store and release drug efficiently. Nanostructural materials, especially porous iron oxide based
materials are great potential for development of DDS to overcome these challenges. Cheng et al.
demonstrated hollow Fe3O4 for anticancer drug delivery where the hollow Fe3O4 was
functionalized to interact with cisplatin, which is typical anticancer drug.154(Figure 2.12b) The
high magnetic property is expected to the efficient to control the particles to tumor site. Also,
Fe3O4 NPs dispersed onto mesoporous silica (SBA-15) with two sort of structure (cellular foams
(MCFs), and fiber-like (FMS)) through sol-gel method for DDS was suggested by Huang et
al..155 The samples showed quit different amount of (bovine serum albumin) BSA, which was
employed as model protein, adsorption in accordance with pore size, where Fe3O4@MCFs with
10-40 nm pore size adsorbed BSA at 191 mg/g, while, Fe3O4@FMS adsobed 64 mg/g because of
the size of BSA (40 × 40 × 140 Å3). (Figure 2.12c) In addition to adsorption, the release of drug
is of great importance. In the same report, Huang et al. demonstrated the release of BSA.
Although the first drastic release was observed due to the adsorption on the surface of samples,
the stable release is maintained over a period.(Figure 2.12d) Furthermore, better controlled
porous Fe3O4 was demonstrated by Mustapic et al..156 Interestingly, both alternating and direct
magnetic field assist efficient release of drug. Surface functionalization for targeting, pore
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volume to storage drug and magnetic property for better control as well as magnetic field are
important factors to develop DDS by iron oxide based nanomaterials.

2.6.1.4. Hyperthermia
Not only DDS but also magnetic hyperthermia is of great importance in the cancer treatment. In
the system, magnetic materials are led to heat under the alternating magnetic field, caused by
hysteresis loss.157 (Figure 2.13a) The heating temperature by hyperthermia depends on magnetic
property, the strength of magnetic field and the blood flow at the target tumor.158 Typically, cells
exhibits signal of apoptosis when elevating temperature from 41 to 47 °C and necrosis when
above 50 °C.159 However, there is also difficulty that the normal cell/tissue are damaged during
heating tumor cell. Also, functionalization on the surface of magnetic materials is also important
to target tumor site to minimize damage to healthy cell/tissue.160 Fe3O4 NPs coated by oleic acid
and polyethylene glycol was reported for magnetic hyperthermia, which showed Fe3O4 NPs
coated by oleic acid and polyethylene glycol indicate increasing killing of breast cancer cell at
35% and 65% respectively.161 In addition to MRI, Jiang et al. demonstrated the effectiveness of
hyperthermia by Fe3O4 NPs functionalized by folic acid to react with tumor cell, which achieve
great biocompatibility, resulting in clear heating effect in addition to good contrast change in
MRI.131 (Figure 2.13b and c) Combination of diagnosis with hyperthermia system is superior
approach in order to treat cancer cell since both diagnosis and treatment at the same time lead to
less side effect and better efficacy.

Figure 2.13. Schematic of mechanism of hyperthermia induction inside magnetic field.157
Heating curves of FA-conjugated MNPs (b) with different concentrations (25, 35, 55 mg/mL) at
fixed apparent current (I = 600 A) and (c) with different apparent currents (400, 600, 800 A) at
fixed concentration (C = 45 mg/mL).131

2.6.2. Environmental applications
Over the several decades, pollutants in soil, water and air exhausted from human activities have
been impacting on ecosystem and human society. Developing newly clean energy systems and
the remediation of these pollutants is still big challenges. Energy storages such as fuel cell,
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lithium ion battery and supercapacitor have been receiving increasing attention as clean energy
sources recently. Metal oxides are known as useful materials in both lithium ion battery and
supercapacitor as anode and electrode materials, respectively. Although many approach have
been reported, the result is still far from the theoretical value. Therefore, the further development
of electrode materials is a key to optimize properties of those energy storage applications. While,
air pollution has been causing serious environmental issues such as acid rain, ozone depletion,
photochemical smog, global warming as well as respiratory infections, heart disease, stroke and
cancer, which destroys ecosystem and threatens human and wild lives. In addition, air pollution
contributes to other pollution such as water and soil pollution. Therefore, it is highly demanded
to transform pollutants to non-toxic or less toxic, however it is still a big challenge to treat
pollutants in air, water and soil. Development of air purification system is of crucial importance
for achieving this challenge. Many researchers have devoted to invent new technologies to
remove these pollutants by filtration, absorbents, adsorbents, and catalysis. In recent years,
nanomaterials have been gaining numerous research interests in order to remove or to catalyze
pollutants in air such as non-methane volatile organic compounds (NMVOc), nitrogen oxides
(NOx), sulfur oxides (SOx), ammonia (NH3), and carbon monoxide (CO).15, 17, 124, 162-166 Among
nanomaterials, metals, metal oxides and their composites have been often investigated as
promising potential for the removal of these pollutants.

2.6.2.1. Energy storages
Lithium ion battery is one of the most reliable energy storage in portable electronic devices.
Development of anode materials of lithium ion battery lead to better performance including
higher power densities, enhanced safety, and longer cycle life. Carbon based materials,
especially graphite is currently used as anode materials in commerce, but there is limitation in
specific capacitance and safety.167 Novel approach to prepare anode materials is essential to
overcome these problems. Metal oxides are often employed as alternative anode materials in
lithium ion battery since it is well known to huge availability, safety and high theoretical
capacitance.168,

169

((Figure 2.14a) In principle, the reversible conversion reaction between

lithium ions and metal oxides forming metal nanocrystals dispersed in a Li2O matrix.
M! O! + 2yLi! + 2ye! ↔ yLi! + xM

(2.3)

where M is metal. However, the bulk materials undergo low ion/electron transfer and fast
capacity fading, resulting in not as good performance as theoretical value.170 Typically, their
large volume variation cause electrode collapse, leading to less capacity and short cycling life.171,
172

Porous metal oxide materials are anticipated to overcome these issues because of large

surface area and short diffusion paths.173 Therefore, nanostructural metal oxides are great
candidates for the lithium ion battery application. Many efforts have been made to develop
anode materials where metal oxides or hybrid metal oxides with carbon materials are often
examined.174, 175 Zhou et al.. demonstrated Fe3O4 NPs combined with graphene nanosheets as
anode materials, which exhibited that graphene wrapped Fe3O4 is better property than pure Fe3O4
in the rate capability, the cyclic stability, and the lithium storage capacity, which is expected that
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the using hybrid materials leads to higher performance lithium ion battery.176 (Figure 2.14b and
c)

Figure 2.14. (a) Candidate anode materials for lithium-ion batteries and their theoretical
capacities.171 (b) Cycling performance of the commercial Fe3O4 particles, GNS/Fe3O4 composite
and bare Fe2O3 particles at a current density of 35 mA g-1. Solid symbols, discharge; hollow
symbols, charge.176 (c) Rate performance of the commercial Fe3O4 particles, GNS/Fe3O4
composite, and bare Fe2O3 particles at different current densities.176 (d) Charge–discharge
behaviors of the iron oxide electrode at different currents.181 (e) Galvanostatic charge/discharge
curves of rGO, Fe3O4 and nanocomposite with I!"!!!∶ !"# = 2.8 in 1 M KOH solution at 5 A g-1.
182

While, supercapacitor(SC), also called electrochemical capacitor, has been attracting one of the
most research interest in the energy storage field due to its properties such as long durability,
high power density, short charging duration, fast energy delivery, and eco-friendly. Compare
with lithium ion battery, their energy density is much lower, however, supercapacitor is almost
infinite cycling lifespan.177 Carbon based materials have been often employed as electrodes
materials of electrochemical double-layer capacitors (EDLCs) because of its unique property
such as high conductivity and surface area. However, it is still difficult to utilize the whole
surface area resulting in less capacitance. On the other hand, metal oxides including iron oxides
used as electrode materials of pseudo capacitor are alternative approach. The mechanism of
pseudo supercapacitor is the reversible redox reaction between electrode and electrolyte. Metal
oxides such as iron oxide, nickel oxide, cobalt oxide, ferrite etc… are great class materials owing
to its natural abundance, cheapness, environmental friendliness and theoretical specific
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capacitance. Many examinations were reported for the preparation of porous metal oxides as
electrode materials.178-180 Mitchell et al. demonstrated mesoporous iron oxide NPs as electrode
materials, which showed the great capacitance at 185 Fg-1.181 (Figure 2.14d) To enhance
conductivity of electrode materials, carbon materials are often combined with metal oxide
materials. Shi et al. reported Fe3O4 combined with reduced graphene oxide, resulting in higher
electrochemical capacitance at 480 Fg-1 although the Fe3O4 nanoparticles themselves and
graphene showed quite low performance.182 (Figure 2.14e) Consequently, the result showed
relatively high power and energy density though it is still need to be improved for commercial
usage. Thus, porous metal oxide and their hybrids would be advantageous in supercapacitor as
electrode materials.

2.6.2.2. Environmental remediation for air pollution
Removal of air pollutants (NMVOc, NOx, SOx, NH3, CO etc…) released from human activities
in the world (e.g. car fumes, cigarettes, generators, etc…) is one of most important challenges to
protect ecosystem and human society. Among these air pollutants, CO, which is colorless,
odorless and highly hazardous, is one of the biggest issues that cause serious illness and even
death, therefore, the development of the efficient CO gas removal system is highly demanded in
recent years. So far, novel metals are well known as effective materials to oxidize CO, however,
the use of novel metals is limited due to their expensiveness, and prone to decontamination.183, 184
Also, the novel metals are catalytically active at only high temperature.124, 184 Thus, either the
reduction of the amount of novel metal by use of support materials or the development of
alternative materials is essential for the practical use at room temperature. Utilizing metal oxide
support materials for novel metal NPs is a great approach to reduce the use of novel metals as
well as improving catalytic activity. Haruta et al. found that Au NPs loading onto metal oxide
materials showed high catalytic activity for the room temperature CO oxidation though the bulk
Au does not show catalytic activity against CO oxidation.185 To date, there have been reported
various factors to enhance the catalytic activity at room temperature.186 In general understanding,
the CO oxidation reaction occurs at interface between Au NPs and support materials.186 (Figure
2.15a) Cui et al. reported that the pH value during synthesis and the calcination temperature of
support material is strongly related to their performance.187 (Figure 2.15b and c) According to
Choudhary et al., it is mentioned that 2-5 nm of the particle size of Au NPs are most active.188
The longer perimeter of the interface between Au NPs and metal oxide supports plays significant
role for increasing the active site. The defect sites (steps, edges, corners, etc…) of support metal
oxides are beneficial to stabilize Au NPs and to adsorb oxygen contents.124 Furthermore, it is
stated that the presence of OH group and water contents including hydroxyl group enhance the
reaction on gold catalyst.

183

Although using higher amount of Au NPs leads to less catalytic

activity due to their serious aggregation caused by surface energy, mesoporous metal oxide
materials as novel metal support may be able to enhance the catalytic activity even higher
amount of loading by means of both the dispersion of metal NPs onto the metal oxide support
and helping the diffusivity of reactant molecules. Although there have been many reports
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regarding CO oxidation catalyst, the elucidation of the mechanism is still a big challenge.

Figure 2. 15. (a) Reaction pathways for CO oxidation over supported gold catalysts.124, 186 CO
conversions of fresh Au/FeOx catalysts for the low-temperature CO oxidation reaction: (b)
Au/Fe_O, transient (d) Au/Fe_O stability at 30 °C. Reaction conditions: 1% CO/20% O2/79% N2,
80,000 mL•h -1•gcat -1.187

Conclusion
In conclusion, porous iron oxide based materials (amorphous iron oxide, α-Fe2O3, γ-Fe2O3,
Fe3O4, MxFeyO4, etc…) for various potential applications are introduced in this literature review.
The synthesis of porous iron oxide is of considerable importance for the development of various
applications. Template methods using silica, surfactant, block copolymer, biological materials,
coordination polymers etc… are one of the most attractive routes to synthesize the mesoporus
iron oxide based materials. In addition, iron oxide based materials with various dimensional
morphology can be prepared through various synthesis routes such as spheres, nanorods,
nanotubes, nanosheets, nanoflakes, cubes, hollow and flower-like structure. Although many
efforts have been devoted to synthesize porous iron oxide based materials, it is still difficult to
control the structure over the reaction. Choice of the synthesis condition such as the selection of
metal salt, amount of reducing agent, temperature, pH etc… are of great significance to
determine morphology and properties of final products. We believe that the further development
of facile and simple synthesis of porous iron oxide based materials plays an important role for
the further improvement of performance in various applications such as data storage, sensors,
catalysts, environmental and biomedical applications.
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Chapter 3
Mesoporous Iron Oxide Synthesized Using Poly(styrene-b-acrylic
acid-b-ethylene glycol) Block Copolymer Micelles as Templates
for Colorimetric and Electrochemical Detection of Glucose
3.1. Introduction
Transition metal oxides are important classes of materials with broad potential applications in
catalysis,1,2 sensors,3−5 energy storage and conversion,6−9 and biomedical fields.10−12 Among
various metal oxides, iron(III) oxide has been considered as one of the most promising materials
for electrochemical sensing due to their abundance, low cost, high chemical and thermal stabilities,
as well as low toxicity and environmental friendliness.13 The functional performance of iron oxide
materials can be greatly enhanced when their crystal sizes are confined to the nanoscale and their
morphologies are appropriately controlled to yield a high surface area.14 As such, many efforts
have been carried out to fabricate diverse morphologies of iron oxide nanostructures, including
nanorods,15 nanotubes,16 hollow spheres,17 and flower-like nanosheets.18
In recent years, the synthesis of mesoporous materials have attracted extensive research interests
owing to their unique morphology, large surface area, and pore volume, narrow pore size
distribution, controllable wall composition, and modifiable surface properties.19,20 Mesoporous
metal oxide materials, including mesoporous iron oxides have been fabricated mostly through two
main approaches: hard and soft-templating methods. Hard-templating (nanocasting) methods
typically use rigid materials [e.g., mesoporous silica, polystyrene spheres, and anodic aluminum
oxide (AAO)] and the crystal growth is limited to the void space of the template, leading to
subsequent replica production.21−24 Nanocasting is particularly useful for the fabrication of rigid
metal oxide mesostructures with high crystallinity. However, it often involves complicated
procedures due to the need for multiple steps, including the preparation of the hard template, then
infiltration of the metal precursor into the pores, and finally, the removal of the hard template, and
formation of the metal oxide phase.25,26 Furthermore, in nanocasting, the removal of the hard
template such as silica usually requires the use of hydrofluoric acid which is harmful and
environmentally unfriendly.27,28
On the other hand, soft-templating methods typically rely on the use of surfactants or block
copolymers. Compared to nanocasting, these methods are easier to perform as they do not require
the initial fabrication of the template, while also enabling control over the pore size, depending on
the choice of surfactants or polymers.14,19 In the case of mesoporous iron oxides obtained using
surfactant-templated methods (e.g., with non-ionic surfactants P123, F127, and P108), the pores
tend to be smaller and easier to collapse after crystallization. In comparison, the utilization of
block copolymer as a soft template for the fabrication of mesoporous iron oxide is usually more
advantageous as it enables the formation of larger pores, which may be advantageous for
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accommodating larger guest species or molecules.29,30 However, at present, there are still some
challenges associated with the block copolymer-templated fabrication of mesoporous iron oxide,
such as poor control over the reaction process and crystal growth.
Owing to their various intrinsic characteristics, such as biofavorable network structure, good
electronic conductivity, good biocompatibility and stability, low synthesis costs, and
environmental friendliness, iron oxide-based nanomaterials have been widely used in a variety of
biomedical applications, such as tissue engineering, magnetic resonance imaging, drug delivery,
and biosensing.10−12, 31−33 In biosensing applications, the magnetic properties exhibited by these
materials provide an additional benefit of allowing magnetic mixing (intimate) and contactless
sample preparation.34 Furthermore, the introduction of pores into the nanoparticles gives rise to
mesoporous iron oxide with a significantly higher surface area. Therefore, these mesoporous
materials tend to exhibit both improved surface functionalities (i.e., an increase in the uptake and
release of target analyte) and superior catalytic activities (maximization of surface dependent mass
transport compared to that of planar materials of similar mass). Moreover, they tend to be highly
selective in catalysis (via molecular sieving) while remaining stable against sintering.35 In recent
years, such mesoporous materials have been suggested as potential alternatives to natural enzymes
for various applications. For example, they have been shown to imitate the structures and
functions of horseradish peroxidase (HRP), serine proteases, cytochrome P450, dioxygenase,
phosphodiesterase, etc.36,37 The replacement of these natural enzymes with a robust material,
similar to the as-synthesized mesoporous iron oxide, can offer significant advantages in
bioanalytical and translational research, including (i) the catalytic efficiency of natural enzymes
are often vulnerable to the environmental changes due to the destabilization of the protein
conformation, while mesoporous iron oxide exhibits better physical and chemical stabilities, (ii)
unlike natural enzymes, nanoparticles are protected from protease digestion and, (iii) these
mesoporous materials are relatively inexpensive, easy to synthesize, and they avoid the timeconsuming preparation steps and specific storage requirements of natural enzymes.
Herein, we aim to introduce a novel and simple method for synthesizing mesoporous iron oxide.
Unlike surfactant-directed method (e.g., with nonionic surfactants P123, F127, and P108), the
proposed block copolymer-templated synthesis approach enables the formation of larger pores.
The fabrication of these larger pores in the nanostructures offers a significantly higher functional
surface area which may be advantageous for enhancing the functional performance. Furthermore,
compared to the complex nanocasting method, our block copolymer-templated method is
significantly simpler, as it avoids several complicated fabrication steps associated with hardtemplating methods. Another unique functionality of the reported mesoporous iron oxide
nanoparticles is their ability to showcase peroxidase mimetic activity at room temperature, while
most of previously reported iron oxide-based nanostructures demonstrated such activity at higher
temperatures. Thus, the as-synthesized mesoporous iron oxide structures are particularly suitable
for off-laboratory settings at room temperature. In this work, the mesoporous iron oxide was
achieved using the poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b- PEG) triblock
copolymer for the first time. The PS-b-PAA-b-PEG block polymer forms trifunctional micelles in
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the aqueous solution: PS, PAA, and PEG blocks which act as core, shell, and corona, respectively.
The effect of calcination temperature was investigated to determine the optimized condition for
the fabrication of well-defined mesoporous iron oxide. The composition, morphology, and textural
characteristics of the as-synthesized mesoporous iron oxide materials were characterized with
various analytical techniques, including X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), and nitrogen (N2) adsorption−desorption isotherms.
Following the synthesis and characterization of the mesoporous iron oxide products, we
investigated the HRP-like activities of these materials toward the oxidation of TMB in the
presence of H2O2 followed by the evaluation of their steady-state kinetic parameters using both
Michaelis−Menten and Lineweaver−Burk models.38 Finally, the peroxidase-like feature was used
to develop a proof-of-concept glucose sensor, in which the enzymatic oxidation of glucose with
glucose oxidase (GOX) was synergized with TMB/H2O2 catalytic reaction. The in situ production
of H2O2 from the former system was used in the latter for the oxidation of TMB in the presence of
mesoporous iron oxides. This results in a blue-colored complex solution which facilitated the
naked-eye evaluation of glucose. After quenching the reaction with acid, the blue-colored complex
solution turned yellow, which was stable and electroactive, thus allowing for the estimation of the
glucose concentration via an electrochemical readout.

3.2. Experimental
3.2.1. Chemicals and Instrumentations
Poly(ethylene glycol) methyl ether (4-cyano-4-pentanoate dodecyl trithiocarbonate) was
purchased from Sigma-Aldrich. PEG-CTA [number-average molecular weight (Mn) = 2400,
degree of polymerization = 46] and 2,2′-azobis(2,4- dimethyl valeronitrile) (V-65 > 95.0%) were
purchased from Wako Pure Chemicals and were used without further purification. 2,2′Azobis(isobutyronitrile) (AIBN, > 98.0%) from Wako Pure Chemicals was recrystallized from
methanol. Methanol was dried by molecular sieves (4 Å) and purified by distillation. 1,4-Dioxane
and acrylic acid (AA, > 98.0%) were dried over 4 Å molecular sieves and distilled under reduced
pressure. Styrene (>99.0%) was purchased from Wako Pure Chemicals and washed with an
aqueous alkaline solution and distilled from calcium hydride under reduced pressure.
Tetrahydrofuran (THF), iron(III) nitrate nonahydrate [Fe(NO3)3·9H2O, 99.99%], sodium
hydroxide (NaOH, 99.9%), and ethanol (99.5%) were purchased from Nacalai Tesque. PBS tablet
(0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride, pH 7.4 at
25 °C), TMB, glucose, and GOX were purchased from Sigma Life Science (Australia). Analyticalgrade H2O2, dimethyl sulfoxide (DMSO), and hydrochloric acid (HCl) were purchased from Chem
Supply (Australia). Screen-printed gold electrodes (SPGE) (250BT) with three-electrode system
printed on a ceramic substrate were acquired from Dropsens (Spain). Ultra-pure TM
DNase/RNase-free distilled water (Invitrogen) was used throughout the experiments. All
electrochemical measurements were carried out with a CHI650 electrochemical workstation (CH
instrument). All chemicals were used without further purification.
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3.2.2. Preparation of PS-b-PAA-b-PEG Triblock Copolymer.
The PS-b-PAA-b-PEG triblock copolymer was prepared via a reversible addition−fragmentation
chain transfer (RAFT) radical polymerization (Scheme 3.1).
Scheme 3.1. Preparation of Poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b-PEG)
Triblock Copolymer via Reversible Addition−Fragmentation Chain Transfer (RAFT) Radical
Polymerization

First, poly(acrylic acid-b-ethylene glycol) (PAA-b-PEG) diblock copolymer was prepared as
follows. PEG-CTA (1.50 g, 0.635 mmol), AA (6.74 g, 93.6 mmol), and AIBN (41.1 mg, 0.250
mmol) were dissolved in 1,4-dioxane (93 mL). The polymerization process was carried out at
60 °C for 8 h under argon (Ar) gas. After the polymerization, the polymerized mixture was
dialyzed against pH 10 aqueous solution for 1 day and against pure water for 2 days. The diblock
copolymer (PAA-b-PEG) was recovered through a freeze-drying technique (5.42 g, 65.8%). The
degree of polymerization of the PAA block was estimated from 1H NMR spectrum in DMSO-d6 to
be 113. The number-average molecular weight, Mn(NMR) for the block copolymer was estimated
from 1H NMR to be 1.07 × 104. The number-average molecular weight [Mn(GPC)] and molecular
weight distribution (Mw/Mn) estimated from gel-permeation chromatography (GPC) were 1.32 ×
104 and 1.42, respectively (Figure 3.1).

Figure 3.1. Gel-permeation chromatography (GPC) curve of poly(acrylic acid-b-ethylene glycol)
(PAA-b-PEG) obtained using a phosphate buffer (pH 8) containing 10 vol% acetonitrile as an
eluent at 40 °C. The elution curve at 17.2 min was the solvent peak.
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3.2.3. Synthesis of Mesoporous Iron Oxide
The formation mechanism of mesoporous iron oxide from the PS-b-PAA-b-PEG triblock
copolymer micelles is shown in Scheme 3.2. In a typical procedure, 10 mg of PS-b-PAA-b-PEG
block copolymer was dissolved into 2 mL of THF with sonication. After a complete dissolution,
20 µL of NaOH (0.1 M) was slowly added into the above solution under a constant stirring.
Meanwhile, 42 mg of Fe(NO3)3·9H2O was dissolved in 80 µL of ethanol, before being added into
the above polymer solution. Next, the mixture solution was stirred for 1 h and subsequently dried
on the Petri dish at room temperature overnight. After complete drying, the powder was calcined
in air at 400 °C for 4 h, with a heating rate of 1 °C min−1 to obtain the mesoporous iron oxide.
Scheme 3.2. Schematic illustration showing the formation mechanism of mesoporous iron oxide
from the PS-b-PAA-b-PEG triblock copolymer micelles

3.2.4. Kinetics Measurements and Colorimetric and Electrochemical
Detection of Glucose
In a typical procedure, 5.0 µg of mesoporous iron oxide was mixed in 80 µL of 0.2 M sodium
acetate (NaAc, pH 3.5) buffer in the presence of freshly prepared 800 µM TMB (TMB dissolved
in DMSO) and 700 mM H2O2 to study the peroxidase mimetics. The absorbance of the resultant
blue-colored solution was measured at 652 nm using a spectrophotometer (SpectraMax). The
steady-state kinetic parameters were selected by varying the concentration of H2O2 (0.01 to 1.0 M)
at a fixed concentration of TMB (800 µM) and vice versa for the varying the concentration of
TMB (0.01 to 1.0 mM) at 700 mM H2O2. The apparent kinetic parameters were calculated by
considering a typical enzyme catalytic reaction:
𝑘!
𝑘!
E + S ⇄ ES → E + P
𝑘!!

(3.1)

where E, S, ES, and P represent the enzyme, substrate, enzyme substrate adduct, and product,
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respectively. The Michaelis−Menten equation for this catalytic system is expressed as follows,31
𝑉! =

!!"# [!]

(3.2)

!! ! [!]

where V0 is the rate of substrate conversion, Vmax is the maximum rate of conversion, [S] is the
substrate concentration, and Km is the Michaelis−Menten constant. The absorbance data were
converted to corresponding concentration terms by the Beer−Lambert Law using the value of ε =
39000 M−1 cm−1 (at 652 nm) for the oxidized product of TMB. The rearrangement of
Michaelis−Menten equation gives the following Lineweaver−Burk equation,38 which was used to
determine Km and Vmax
!
!

=

!!

!

!!"# [!]

+

!
!!"#

(3.3)

For chronoamperometric (CA) measurements, the reaction was stopped by adding 2.0 µL (2.0 M
HCl) of stop solution. The resultant 80 µL of this yellow solution was pipetted onto a SPGE, and
i−t was measured at 150 mV for over 60 s.
For the glucose detection assay, 30 µL of glucose solution of different concentrations and 3.0 µL
of GOX (20 mg mL−1) were mixed in PBS solution (pH 7.0) and incubated at 40 °C for 30 min.
Then, 67 µL of TMB (800 µM) solution and 5.0 µL of mesoporous iron oxide (5.0 µg µL−1) were
added to the mixture. The pH of the final solution was maintained by adding 0.1 M acetic acid
solution and incubating for 15 min at 37 °C. The particles were magnetically separated and
purified. The resultant blue-colored supernatant solution was used for the colorimetric detection.
After quenching the reaction by acid, the yellow solution was transferred to a SPGE for a CA
readout.

3.2.5. Characterization
1

H NMR spectra were obtained with a Bruker DRX-500 spectrometer operating at 500 MHz. GPC

measurements for PAA-b-PEG were performed using a refractive index detector equipped with a
Shodex GF-7 M HQ column working at 40 °C under a flow rate of 0.6 mL min−1. A phosphate
buffer (pH 8) containing 10 vol % acetonitrile was used as an eluent. Mn and Mw/Mn were
calibrated with standard sodium poly(styrenesulfonate) samples. Dynamic light scattering (DLS)
and zeta-potential measurements were performed using a Malvern Zetasizer Nano-ZS ZEN3600
equipped with a He−Ne laser light source (4 mW at 632.8 nm). The sample solutions were
filtrated using a syringe filter with a pore size of 0.45 µm. The data obtained were analyzed using
Malvern Zetasizer Software 7.11. The morphological observations of the polymeric micelles and
mesoporous iron oxide samples were conducted using scanning electron microscope (SEM)
(Hitachi SU- 8000) operated at an accelerating voltage of 10 kV and transmission electron
microscope (TEM) (JEOL JEM-2100F) operated at an accelerating voltage of 200 kV. The phase
composition and crystal structure of the mesoporous iron oxide samples were identified using Xray diffraction (Shimadzu XRD-7000) with Cu-Kα (1.54 Å). The surface composition of the
samples was analyzed using X-ray photoelectron spectroscopy (XPS) with a PHI Quantera SXM
(ULVAC-PHI) 30 instrument using an Al-Kα X-ray source. Thermogravimetric analysis (TGA) of
the samples was carried out from room temperature to 800 °C under an air atmosphere using a
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Hitachi HT-Seiko Instrument Exter 6300 TG. Nitrogen (N2) adsorption−desorption measurements
were performed using a Belsorp-mini II Sorption System at 77 K. The specific surface areas were
calculated using the multipoint Brunauer−Emmett−Teller (BET) method at a relative pressure
(P/P0) range from 0.05 to 0.30, while the total pore volumes were calculated by the Barrett−
Joyner−Halenda (BJH) method. Before the BET measurements, the samples were degassed under
vacuum at 100 °C for overnight.

3.3. Results and Discussion
The synthetic route for the preparation of poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-bPAA-b-PEG) triblock copolymer via RAFT-controlled radical polymerization is shown in Scheme
3.1. To prepare the PS-b-PAA-b-PEG, we first prepared the diblock copolymer, poly(acrylic acidb- ethylene glycol) (PAA-b-PEG) via RAFT using PEG-CTA. The GPC elution curve (Figure
3.1) for PAA-b-PEG is unimodal with no indication of the presence of uncontrolled polymers.
Furthermore, the Mw/Mn value of PAA-b-PEG is fairly narrow (Mw/Mn = 1.42), indicating that the
polymerization is reasonably well-controlled.

Figure 3.2. 1H NMR spectra of (a) poly(acrylic acid-b-ethylene glycol) (PAA-b-PEG) in DMSOd6 at room temperature and (b) poly(styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b-PEG)
in DMSO-d6 at 120 °C.
Figure 3.2a shows the 1H NMR spectrum of PAA-b-PEG in DMSO-d6 at room temperature. The
resonance peak observed at 3.5 ppm is attributed to the PEG block. The resonance bands observed
at 1.2−1.9 ppm correspond to the PAA block and CTA. The degree of polymerization and Mn
(NMR) for the PAA block determined from the intensity ratio of these resonance bands are 113
and 1.07 × 104, respectively. PS-b-PAA-b-PEG was then prepared via RAFT radical
polymerization of styrene using PAA-b-PEG as a macro chain transfer agent (CTA) combined
with a polymerization-induced self-assembly (PISA) technique. Although the styrene monomer
and PAA-b-PEG could be dissolved in methanol, the PS block in PS-b-PAA-b-PEG triblock
copolymer could not be dissolved. Therefore, after the polymerization of styrene using PAA-bPEG macro CTA in methanol, the triblock copolymers became spontaneously aggregated in
methanol. To solve this, the solution was purified using a dialysis method to remove the styrene
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monomer. The solution was subsequently changed from methanol to pure water by dialysis.
Figure 3.2b shows the 1H NMR spectrum of PS-b-PAA-b-PEG in DMSO-d6 at 120 °C. The
resonance bands observed at 3.5 ppm and 6.3−7.2 ppm correspond to the PEG block and the
pendant phenyl groups in the PS block, respectively. The degree of polymerization of the PS block
and Mn (NMR) for PS-b-PAA-b-PEG are 116 and 2.74 × 104, respectively, as estimated from the
integral intensity ratio of resonance bands of the PEG methylene protons at 3.5 ppm and the
pendant phenyl protons in the PS block at 6.3−7.2 ppm. The DLS measurement results of the
aqueous solution of PS-b-PAA-b-PEG are depicted in Figure 3.3.

Figure 3.3. Hydrodynamic radius (Rh) distribution of poly(styrene-b-acrylic acid-b-ethylene
glycol) (PS-b-PAA-b-PEG) in pure water at 25 °C.
The pH value of the aqueous solution was measured to be 4.86. The unimodal hydrodynamic
radius (Rh) distribution can be observed with Rh = 54.3 nm. This Rh value indicates that the
triblock copolymer formed a micelle structure composed of hydrophobic PS core, hydrophilic
PAA shell, and PEG corona in pure water. The zeta-potential for the polymer micelle was
measured to be −48.0 mV in pure water at pH 4.86. This observation suggests that the pendant
carboxyl groups in the PAA block are ionized.
Scheme 3.2 illustrates the formation mechanism of the mesoporous iron oxide through a micelle
assembly process using the asymmetric triblock copolymer PS-b-PAA-b-PEG. In the proposed
method, the use of THF is critical for achieving the perfect dissolution of the PS-b-PAA-b-PEG
block copolymer, as this polymer cannot be well-dissolved in water nor ethanol alone. The
introduction of NaOH into the reaction system induces the formation of spherical micelles, in
which the PS block forms the core as the addition of a small amount of water makes the PS block
insoluble in the solution due to its rigid nature.19 Furthermore, NaOH plays an important role in
the polymer solution, not only in promoting the formation of the micelles but also for providing a
negative charge at the PAA block.19,39 The negatively-charged (anionic) PAA block then interacts
with the positively-charged (cationic) metal ions (Fe3+) in the solution and forms the shell. It is
expected that these metal ions will bind to carboxylate anions of the PAA block and the extended
micelles will shrink with the addition of metal ions.40 The hydrophilic PEG block forms the corona
of the micelles which prevents the formation of secondary aggregates through steric repulsion
between the PEG chains.29
The morphology of the PS-b-PAA-b-PEG block copolymer micelles was characterized using TEM.
From Figure 3.4, it can be observed that the block copolymer forms spherical micelles with an
average diameter of 39 nm. The size estimated from TEM is smaller than that estimated from DLS
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measurements, as the TEM sample was in a dried state. The effect of the calcination temperature
on the morphology of the obtained mesoporous iron oxide was monitored using SEM.

Figure 3.4. A typical TEM image of the spherical micelles formed by the PS-b-PAA-b-PEG
triblock copolymer (inset showing the size distribution histogram of the micelles).

Figure 3.5. SEM images of the mesoporous iron oxide calcined at (a) 300 °C, (b) 350 °C, (c)
400 °C, (d) 450 °C, and (e) 500 °C and (f) histogram of the pore diameter distribution of the
mesoporous iron oxide calcined at 400 °C.

Figure 3.6. Low-magnification SEM image of the mesoporous iron oxide calcined at 400 °C.
As evident in Figure 3.5 (panels a and b), at calcination temperatures of 300 and 350 °C, the
obtained mesoporous iron oxide samples exhibit a rough surface and the block copolymer on the
surface is not sufficiently removed. With the increase of calcination temperature to 400 °C, a wellorganized mesoporous iron oxide product with an average pore size of 39 nm can be obtained, as
shown in Figure 3.5c and Figure 3.6. However, the mesoporous structure collapses at higher
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calcination temperatures of 450 and 500 °C, mainly due to the very large crystal growth (Figure
3.5, panels d and e). From the above results, the mesoporous iron oxide obtained at an optimized
calcination temperature of 400 °C was selected as the typical sample. The fact that the average
pore size of the resultant mesoporous iron oxide is very similar to the average diameter of the
spherical micelles provides a strong evidence that the spherical micelles serve as pore forming
agents (Figure 3.5f).

Figure 3.7. Wide-angle XRD patterns of the mesoporous iron oxide calcined at (i) 300, (ii) 350,
(iii) 400, (iv) 450, and (v) 500 °C.
Wide-angle XRD was employed to observe the crystal structure and phase composition of the
mesoporous iron oxide samples obtained at various calcination temperatures ranging from 300 °C
to 500 °C. From Figure 3.7, it can be observed that the mesoporous iron oxide products obtained
at 300 and 350 °C are mostly amorphous. However, the XRD pattern of the product obtained at a
higher calcination temperature of 400 °C can be well-indexed to the (012), (104), (110), (113),
(024), (116), (122), (214), and (300) peaks of α-Fe2O3 phase (JCPDS no. 33-0664). The diffraction
peaks of the α-Fe2O3 phase become stronger and narrower with further increase in calcination
temperature. No diffraction peaks due to phases other than α-Fe2O3 are observed, thereby
indicating the high purity of the obtained mesoporous iron oxide products. The average crystal
size was calculated from the most intense peak ((104) peak) at 33° using the Scherrer’s formula:
𝑑 =

!"

(3.4)

! !"#!

where d is the nanocrystal size, k is the Scherrer constant, λ is the wavelength of the X-rays (CuKα), β is the full width at half-maximum of the diffraction peak, and θ is the Bragg angle. The
average crystallite size values of the mesoporous iron oxide synthesized at 400, 450, and 500 °C
are 23.5, 24.9, and 28.4 nm, respectively.
This trend suggests that the increase in calcination temperature promotes an increase in the
crystallite size, leading to the collapse of the mesoporous structure. The mesoporous nature of the
iron oxide product obtained at 400 °C can also be confirmed through the TEM image in Figure
3.8a, and the selected area electron diffraction (SAED) pattern shown in Figure 3.8b reveals the
polycrystalline nature of this mesoporous iron oxide product. The high-resolution TEM (HRTEM)
image of the mesoporous iron oxide product obtained at an optimum temperature of 400 °C
displays well-defined lattice fringes with a d-spacing of 0.24 nm, corresponding to the d-spacing
of (111) plane of α-Fe2O3 (Figure 3.8c).
XPS analysis was used to analyze the surface composition of the mesoporous iron oxide sample.
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Figure 3.8. (a) A typical TEM image of the mesoporous iron oxide obtained at an optimized
calcination temperature of 400 °C, (b) selected area electron diffraction (SAED) pattern, and (c)
high- resolution TEM (HRTEM) image.

Figure 3.9. (a) XPS survey spectrum, (b) high-resolution O 1s XPS spectrum, and (c) highresolution Fe 2p XPS spectrum of the mesoporous iron oxide calcined at 400 °C.
The survey spectrum of the sample shown in Figure 3.9a confirms the presence of Fe and O
elements. The deconvoluted O 1s XPS spectrum displays two major peaks at binding energies of
529.4 and 531.4 eV, which correspond to the oxygen atoms in the Fe2O3 lattice and the adsorbed
water present on the Fe2O3 surface, respectively (Figure 3.9b). The high-resolution Fe 2p XPS
spectrum shows two distinct peaks at binding energies of 710.6 and 723.9 eV (Figure 3.9c),
indexed to Fe 2p3/2 and Fe 2p1/2, which are the characteristics of Fe3+ in Fe2O3. This confirms the
absence of Fe0 and Fe2+ valency states in the obtained mesoporous iron oxide sample. Thus, the
combined observation of Fe 2p and O 1s XPS signals as discussed above confirm that the
mesoporous iron oxide product is Fe2O3.

Figure 3.10. TG curves of (a) PS-b-PAA-b-PEG triblock copolymer and (b) PS-b-PAA-b-PEG
micelles (with Fe3+). (c) Nitrogen (N2) adsorption−desorption isotherm of mesoporous iron oxide
obtained at an optimized calcination temperature of 400 °C.
TGA was conducted to analyze the weight change of the pure PS-b-PAA-b-PEG triblock
copolymer and the PS-b-PAA-b- PEG micelles (with Fe3+) with increasing temperatures. As
evident in Figure 3.10a, the block copolymer starts to undergo a sharp weight loss starting at
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around 150 °C and completely burns out at around 400 °C. In comparison, with respect to the PSb-PAA-b-PEG micelles (with Fe3+), an initial decline of the TG curve is observed at ∼150 °C
(∼19%), which can be correlated to the loss of adsorbed water molecules, whereas the weight loss
observed from 150 to 400 °C can be attributed to the decomposition of the PS-b-PAA-b-PEG
template and the crystal growth of the iron precursor into α-Fe2O3 phase (Figure 3.10b). No
further weight loss is observed after 400 °C, indicating the complete removal of the polymeric
template. Figure 3.10c shows the N2 adsorption−desorption isotherms of the mesoporous iron
oxide obtained at an optimized calcination temperature of 400 °C. This sample exhibits a type-IV
hysteresis loop, which is the characteristic of mesoporous materials.29 The specific surface area
and pore volume of the mesoporous iron oxide sample are identified to be 86.9 m2 g−1 and 0.218
cm3 g−1, respectively.

Figure 3.11. Mean response of absorbance (UV-vis) (a, b, and c; left panel) and
chronoamperometric current signals (a′, b′, and c′) for negative and positive control samples. Inset
images show the corresponding photos for naked eye evaluation and i−t curves (a, a′ = 400_CT; b,
b′ = 450_CT; and c, c′ = 500_CT, CT denotes calcination temperatures). The error bar represents
the standard deviation of three independent measurements.
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It has been well-studied that natural HRP/H2O2 could catalyze the oxidation of TMB which
produced a blue-colored complex product which turned yellow after the addition of acid into the
reaction media. This yellow product is stable and electroactive. In this study, we first prepared
mesoporous iron oxides at different calcination temperatures (400, 450, and 500 °C) via softtemplated methods using the PS-b-PAA-b-PEG triblock copolymer. Similar to natural peroxidases,
the as- synthesized mesoporous iron oxide samples show catalytic activity toward the oxidation of
TMB substrate in the presence of H2O2 and produce blue-colored products (with maximum
absorbance at 652 nm). As seen in Figure 3.11 (panels a-c), all three mesoporous iron oxide
samples exhibit significantly higher absorbance for the oxidation of TMB compared to those of the
corresponding control experiments (i.e., in the absence of mesoporous iron oxide). It is also clearly
evident that the mesoporous iron oxide obtained at 400 °C displays the highest UV−visible
response from the naked-eye observation (clearly distinguishable from the other two samples) and
UV−visible detection (abs. 0.101 vs 0.085 and 0.083). After quenching the reaction by acid, an
electrochemical readout was performed onto a SPGE and as depicted in Figure 3.11 (panels a′−c′),
the amperometric response of the oxidized reaction product is in good agreement with the
absorbance data, where the current response of the mesoporous iron oxide synthesized at 400 °C is
almost 19 times higher than that of the negative control (50.76 vs 2.7 µA cm−2). Similar to the
absorbance measurement, the electrochemical readout also indicates that this mesoporous iron
oxide displays a better response than the mesoporous iron oxide samples prepared at 450 and
500 °C (Figure 3.11, panel a′ versus panels b′ and c′; 50.76 vs 30.61 and 23.62 µA cm−2). All
these experiments (i.e., naked eye observation, UV−vis, and CA readouts) clearly confirm the
peroxidase-like activities of the as-synthesized mesoporous iron oxide samples, with the
mesoporous iron oxide obtained at 400 °C showing the best performance. One possible
explanation for this is the tendency of collapsing of the mesoporous structure of iron oxide
samples obtained at 450 and 500 °C (Figure 3.11), while the mesoporous iron oxide obtained at
400 °C can well-retain its mesoporous structure. Consequently, it can bind an increased amount of
positively charged TMB, leading to both enhanced colorimetric and electrochemical responses. It
is important to mention that, unlike most of the reported mimetic nanoparticles, our mesoporous
iron oxide sample exhibits such an enhanced catalytic activity at room temperature.36,41
Table 3.1. Kinetic Parameters of the Synthesized Mesoporous Iron Oxide Samples
Mesoporous iron oxide
400_CT

450_CT

500_CT

Substrate

Km (mM)

Vmax (Ms-1)

H 2O 2

86.425

3.05 × 10-06

TMB

0.153

2.94 × 10-06

H 2O 2

125.904

2.89 × 10-06

TMB

0.214

2.74 × 10-06

H 2O 2

132.9175

2.89 ×10-06

TMB

0.236

2.65 × 10-06

Abbreviation: CT = calcination temperature.
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To further investigate the peroxidase-like activity of these mesoporous iron oxide products, their
apparent steady-state kinetic parameters for TMB oxidation were determined by changing the

Figure 3.12. Steady-state kinetic analysis using Michaelis−Menten model (main panel) and
Lineweaver−Burk model (inset panel) for mesoporous iron oxide synthesized at various
calcination temperatures (CT) by varying the concentration of (a, b, c) H2O2 and (a′, b′, c′) TMB
with fixed amounts of TMB (800 µM) and H2O2 (700 mM), respectively; (a, a′ = 400_CT; b, b′ =
450_CT; and c, c′ = 500_CT). Each error bar represents the standard deviation of three
independent measurements.
concentration of H2O2 and TMB following the initial rate method.41,42 As shown in Figure 3.12, a
typical Michaelis−Menten-like curve was obtained in a designated concentration range of both
H2O2 (Figure 3.12, panels a−c) and TMB (Figure 3.12, panels a′−c′). The data were fitted using a
non-linear least-squares fitting to calculate the catalytic parameters Km and Vmax (Table 3.1). As
depicted in the inset of Figure 3.12, these parameters were determined from the Lineweaver−Burk
double reciprocal plot (1/ [V] vs 1/ [S]).31 Km value is an indicator of the enzyme affinity toward
its substrate, and a lower Km value indicates a stronger affinity between enzyme and its substrate.
The apparent Km value of the mesoporous iron oxide obtained at 400 °C with TMB is significantly
lower than that of the reported Km value of HRP (0.153 vs 0.434 mM). This clearly suggests that
the mesoporous iron oxide product has a higher affinity with TMB in comparison to that of HRP,
thereby demonstrating its potential as a good alternative for HRP. However, the apparent Km value
of this mesoporous iron oxide with H2O2 (as the substrate) is significantly higher than that of the
reported value for HRP (86.43 vs 3.70 mM), which supports the fact that an increased amount of
H2O2 is required to obtain the highest mimetic activity of mesoporous iron oxide. As expected, the
kinetic parameters of the mesoporous iron oxide obtained at 400 °C toward the oxidation of TMB
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are better than those achieved with the mesoporous iron oxide products obtained at higher
calcination temperatures of 450 and 500 °C (Table 3.1).
Table 3.2. Comparison of the catalytic activities of iron oxide nanoparticles prepared by different
methods.
Synthesis Method

Morphology

Substrate

Km (mM)

Vmax / 10-8 M s-1

Reference

Block copolymer

Mesoporous

H 2O 2

86.425

3.05

This work

structure

TMB

0.153

2.94

Nanoparticles

H 2O 2

157.19

1.28

TMB

0.0887

0.97

H 2O 2

154

9.78

TMB

0.098

3.44

H 2O 2

15

0.228

TMB

0.00995

0.123

H 2O 2

323.6

117

TMB

0.307

106

Nanocubes

TMB

0.957

6.3

46

Nanoparticles

H 2O 2

3.92

1.74

47

TMB

0.06

2.07

micelles (Softtemplate)
Soft-template
induced phase

44

selective synthesis
Solvothermal

Nanoparticles

method
Hydrothermal

Nanoparticles

method
Reduction co-

Nanoparticles

precipitation

42

41

45

method
Hydrothermal
method
Hydrothermal
method

As previously outlined, this may be due to the mesoporous structures synthesized at 450 and
500 °C being relatively less stable. On the contrary, the mesoporous structure of iron oxide
prepared at 400 °C is highly stable and the associated large pore volume can significantly enhance
the reaction kinetics and the peroxidase mimetic activity. We also assume that the transfer of lonepairs electron density from the amino group of TMB toward the vacant d-orbital of Fe3+ may
contribute to the electron density and mobility of mesoporous iron oxide, thereby increasing its
conductivity.43 Several nanomaterials have previously been reported in the literatures.41,42,44−47 A
comparison of the catalytic activity of our mesoporous iron oxide with previously reported iron
oxide nanostructures is given in Table 3.2. As we evaluated the catalytic ability of the mesoporous
iron oxide toward the oxidation of 3,3′,5,5′-tertamethylbenzidine (TMB) in the presence of H2O2,
we have only put the related comparison where TMB/H2O2 has been employed in Table 3.2. From
this table, it is obvious that our mesoporous iron oxide has comparable or superior catalytic
activities toward the oxidation of TMB substrate compared to iron oxide nanoparticles prepared by
several other methods. Although several types of glucose sensing have been reported37,47−55 (Table
3.3), we have developed a proof-of-concept colorimetric and electrochemical assay platform for
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the detection of glucose to demonstrate the potential application of the peroxidase-like activity of
these newly synthesized mesoporous iron oxide products.
Table 3.3. Comparison of the glucose sensing capabilities of the as-synthesized mesoporous iron
oxide with previously reported materials.
Materials

Detection methods

LOD (mM)

Reference

Fe2O3

Colorimetric and electrochemical

0.001

This work

PDI-Fe3O4

Colorimetric

0.00112

47

Au nanoclusters

Fluorescence

0.1

50

Fe3O4

Colorimetric

0.03

37

Graphene oxide

Colorimetric

0.001

52

Cu2+-modified graphene

Fluorescence

0.25

53

Au nanoparticles

Colorimetric

0.004

54

Carbon nanodots supported

Fluorescence

0.00139

55

oxide

on Ag nanoparticles
Scheme 3.3. Overview of the Developed Assay for Colorimetric and Chronoamperometric
Detection of Glucose Using the Peroxidase-Like Activity of Mesoporous Iron Oxide

Scheme 3.3 provides an overview of our assay which relies on the oxidation of TMB in the
presence of the in situ produced-H2O2 and mesoporous iron oxides. The reaction in the assay
comprises two major steps: (i) catalytic oxidation of glucose by dissolved oxygen in the presence
of glucose oxidase (GOX) at pH 7.0 which produced H2O2 and (ii) the reaction of H2O2 with the
peroxidase substrate TMB in the presence of mesoporous iron oxides (at pH 3.5). This gives rise
to a blue-colored diamine complex which can be evaluated by both naked-eye and UV-vis. After
stopping the reaction with acid, the reaction mixture was further detected by CA measurements.
The responses obtained from these readouts should have a clear correlation with the amount of
H2O2 produced in situ, which in turn provides an estimation of the glucose concentration in the
assay. Figure 3.13 illustrates typical absorbance (Figure 3.13a) and current density (Figure
3.13b) plots as a function of H2O2 concentration, where the response was linearly correlated to the
H2O2 concentration. Figure 3.14 depicts the plots of responses in absorbance (Figure 3.14a) and
current density (Figure 3.14b) as a function of glucose concentration. Clearly, both the UV-vis
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and electrochemical responses are correlated to the glucose concentration in the linear range from
1.0 µM to 100 µM (fitting curve in the inset of Figure 3.14) with a detection limit of 1.0 µM

Figure 3.13. (a) UV−vis absorbance and (b) chronoamperometric responses for the designated
concentration of H2O2 using 400_CT mesoporous iron oxide (insets show the corresponding fitting
curves). The error bar represents the standard deviation of three independent measurements.

Figure 3.14. Response-concentration curves obtained with (a) UV−vis absorbance and (b)
chronoamperometric measurements for the designated concentration of glucose using 400_CT
mesoporous iron oxide. Insets show the corresponding linear dynamic ranges for detection of
glucose. The error bar represents the standard deviation of three independent measurements.
(signal-to-noise ratio = 3). This detection limit of our glucose assay is adequate for analyzing
blood glucose level. Generally, in the blood of a healthy individual, glucose is present in the range
from 4.0 to 7.0 mmol L−1, which can vary in diseased (e.g., diabetes, glucose intolerance, etc.)
individuals.56−58 This detection limit of the assay is comparable with previously reported glucose
sensors; however, our assay requires only a very low amount of iron oxide to enable the detection
via peroxidase mimetics. For example, Wei et al.37 and Mitra et al.59 used 37 and 100 µg of iron
oxide nanoparticles, respectively, for glucose detection, whereas our assay requires only 25.0 µg
of the mesoporous iron oxide.

3.4. Conclusion
In this work, we have successfully synthesized mesoporous iron oxide using an asymmetric PS-bPAA-b-PEG triblock copolymer as a soft template. In this reaction system, the PS block forms the
core of the micelles on the basis of its lower solubility in water. The anionic PAA block interacted
with the cationic Fe3+ ions in the solution to form the shell. The PEG block forms the corona of the
micelles and stabilizes the micelles by preventing the formation of secondary aggregates through
steric repulsion between the PEG chains. The as-synthesized mesoporous iron oxide products were
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investigated for their potential peroxidase mimicking activities. The typical Michaelis−Menten
modeling of the reaction demonstrates the high affinity of mesoporous iron oxide obtained at an
optimized calcination temperature of 400 °C toward the oxidation of TMB in the presence of H2O2.
This intrinsic property of the mesoporous iron oxide was used to develop a proof-of-concept
glucose sensor. Although, the applicability of the mesoporous iron oxide has been successfully
shown only for the glucose detection, we believe that these materials will also work as artificial
nanoenzymes, where the artificial nanoenzymes/H2O2 will mimic the conventional HRP/H2O2based sensing approaches used in a variety of bioassays for a wide range of applications in
biotechnology, environmental sciences, energy and agricultural sciences.
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Chapter 4
Gold nanoparticles supported on mesoporous iron oxide for
enhanced CO oxidation reaction
4.1. Introduction
The removal of carbon and nitrogen-containing compounds, such as carbon monoxide (CO) and
ammonia (NH3), has become an increasingly critical environmental issue due to the growing
problem of air pollution. Noble metals, such as Au, Pt, Pd, and Rh, are the most widely used
catalysts for the catalytic oxidation of CO and NH3.1–4 However, they are scarce, expensive, and
prone to decontamination and hence, their practical wider applications are limited. As such, many
research efforts have been conducted to either replace the noble metals with the more affordable
transition metals (e.g., Co, Ni, and Cu) or to load the noble metal NPs onto porous supports to
minimize the use of noble metals. On the other hand, metal oxide-based catalysts may offer better
chemical and thermal stabilities along with enhanced selectivity compared to pure noble metal
catalysts, however they often require high operating temperatures. Hence, it is highly desirable to
develop catalysts which combine the advantages of these two types of catalysts. A previous report
by Reddy et al. has demonstrated that in metal oxide-supported noble metal catalysts, the noble
metal–support interactions (including electron transfer) could lead to a considerable increase in
catalytic activity.5 Moreover, the surface of noble metal-loaded metal oxide catalysts can absorb a
considerably higher amount of oxygen to enhance the overall catalytic activity.6 In addition, the
use of porous metal oxide supports can improve the dispersion of noble metal NPs and prevent
their aggregation.
Among various transition metal oxides, iron(III) oxide (Fe2O3) is considered as one of the most
promising support materials for the loading of noble metal NPs in catalytic applications due to
their abundance, low cost, high chemical and thermal stabilities, as well as low toxicity and
environmental friendliness.7,8 Previously, Au NPs supported on porous Fe2O3 supports have shown
to exhibit better specific activity for CO oxidation compared to those supported on commercial
Fe2O3.9,10 Hence, the use of mesoporous Fe2O3 as a support for the loading of noble metal NPs is
expected to be advantageous due to their large surface area and pore volume, narrow pore size
distribution, controllable wall composition and modifiable surface properties.11,12 Furthermore, the
utilization of mesoporous Fe2O3 may enhance the catalytic performance of noble metal NPs due to
the provision of more active sites, improved diffusion of reactant molecules, enhanced dispersion
of the noble metal NPs, and stronger noble metal-support interactions.
Amphiphilic surfactants or block copolymers are often employed as soft templates for the
synthesis of mesoporous materials. The use of these soft templates can enable tuning of the pore
size, depending on the choice or block length of surfactants or polymers.13 The synthesis of
mesoporous Fe2O3 with non-ionic surfactants (e.g., P123, F127, and P108) occasionally results in
the collapse of the mesoporous structure after crystallization. Moreover, the instability of the
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template micelles after inducing an inorganic precursor into the corona is likely to induce
secondary or higher order aggregation. It is expected that this issue can be solved by using an
asymmetric triblock copolymer as a soft template, which works by forming tri-functional micelles
consisting of a core, shell, and corona.14–17 The utilization of a block copolymer as a soft template
is beneficial for the preparation of mesoporous Fe2O3 since the resulting larger pores may allow it
to accommodate larger guest species or molecules. However, at present, it is still a challenge to
control the reaction rate and crystal growth when block copolymer is used in the synthesis of
mesoporous oxide materials.
Recently, we proposed the soft-templated synthesis of mesoporous Fe2O3 using an asymmetric
(PS-b-PAA-b-PEG) triblock copolymer.14 In the formation mechanism of the mesoporous Fe2O3,
PS, PAA and PEG blocks play roles as the core, shell, and corona, respectively. Herein, the
mesoporous Fe2O3 was subsequently loaded with Au NPs with sizes of 3–10 nm and employed as
catalysts for both CO and NH3 oxidation. The as- synthesized mesoporous Fe2O3 could be loaded
with a considerably higher amount of Au NPs (7.9 wt%) compared to the commercial Fe2O3 (0.8
wt%). When evaluated for CO oxidation, the Au-loaded mesoporous Fe2O3 catalyst showed up to
20% higher CO conversion efficiency compared to the commercial Au/Fe2O3 catalyst, especially
at lower temperatures (25–150 °C), suggesting the promising potential of this catalyst for lowtemperature CO oxidation. Furthermore, the Au-loaded mesoporous Fe2O3 catalyst also displayed
a higher catalytic activity for NH3 oxidation with a respectable conversion efficiency of 37.4%
compared to the commercial Au/Fe2O3 catalyst (15.6%) at 200 °C. The significant enhancement in
the catalytic performance of the Au-loaded mesoporous Fe2O3 catalyst for both CO and NH3
oxidation may be attributed to the improved dispersion of the Au NPs and enhanced diffusivity of
the reactant molecules due to the presence of mesopores and an improved oxygen activation rate
contributed by the increased reaction sites, respectively.

4.2. Experimental
4.2.1. Chemicals
Tetrahydrofuran (C4H8O, 99.9%), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 99.99%), sodium
hydroxide (NaOH, 99.9%), gold(III) chloride trihydrate (HAuCl4·3H2O, 99.99%) and ethanol
(99.5%) were purchased from Nacalai Tesque (Japan). All the chemicals were used without
further purification.

4.2.2. Materials preparation
To prepare the mesoporous Fe2O3 support, 10 mg of the PS-b- PAA-b-PEG block copolymer was
firstly dissolved in 2 mL of tetrahydrofuran (THF) under sonication.14 After complete dissolution,
20 µL of sodium hydroxide (NaOH, 0.1 M) was slowly added into the above solution under
constant magnetic stirring. Meanwhile, 42 mg of Fe(NO3)3·9H2O was dissolved in 80 µL of
ethanol before being added into the above polymer solution. Then, the mixture solution was stirred
for 1 h and subsequently dried on a Petri dish at room temperature overnight. Finally, the dried
powder was calcined in air at 400 °C for 4 h, with a heating rate of 1 °C min−1 to obtain the
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mesoporous Fe2O3. The mesoporous Fe2O3 was subsequently loaded with Au NPs using a
deposition–precipitation method. In a typical procedure, 5 mM of chloroauric acid (HAuCl4) was
firstly dissolved in 100 mL of water. The solution was then heated to 70 °C and the pH was
adjusted to 7 with NaOH solution. After cooling down to 15 °C, 13 mg of the mesoporous Fe2O3
powder was added into this solution. The suspension was then stirred for 1 h at 70 °C and
subsequently washed with distilled water several times. Finally, the suspension was dried up under
vacuum and the dried powder was calcined at 300 °C for 2 h under an air atmosphere to obtain the
Au- loaded mesoporous Fe2O3.

4.2.3. Characterization
The morphological observations of the pristine and Au-loaded mesoporous Fe2O3 were made
using both scanning electron microscope (SEM) (Hitachi SU-8000) operated at 10 kV and
transmission electron microscope (TEM) (JEOL JEM-2100F) operated at 200 kV. The phase
composition and crystal structure of the samples were analyzed using powder X-ray diffraction
machine (Shimadzu XRD-7000) with Cu-Kα (1.54 Å). The surface of the mesoporous Fe2O3
before and after Au loading was analyzed using X-ray photoelectron spectroscopy (XPS) with a
PHI Quantera SXM (ULVAC-PHI) instrument which utilized an Al-Kα X-ray source. Nitrogen
(N2) adsorption–desorption measurements were conducted using a Belsorp-mini II Sorption
System at 77 K. The specific surface areas were calculated using the multipoint Brunauer–
Emmett–Teller (BET) method at a relative pressure (P/P0) range of 0.05 to 0.30. Before the BET
measurements, the samples were degassed under vacuum at 100 °C overnight to remove the
adsorbed water molecules.

4.3. Results and Discussion
The formation scheme of the mesoporous Fe2O3 through a micelle assembly process using the
asymmetric triblock copolymer PS-b-PAA-b-PEG is given in Figure 4.1.

Figure 4.1. Schematic illustration depicting the formation process of mesoporous Fe2O3 from the
PS-b-PAA-b-PEG triblock copolymer template.
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In the synthesis process, the use of THF plays a key role in achieving a perfect dissolution of the
PS-b-PAA-b-PEG block copolymer as this copolymer is amphiphilic in nature. The PS-b-PAA-bPEG block copolymer forms spherical micelles as a result of the addition of NaOH into the block
copolymer solution (Figure 4.2a). The hydrophobic PS block forming the core part becomes
insoluble with the addition of a small amount of water due to its rigid nature. The addition of
NaOH not only promotes the formation of spherical micelles, but also provides a negative charge
at the PAA block which interacts with the positively-charged (cationic) metal ions (Fe3+) to form
the shell, where the Fe3+ ions can bind to carboxylate anions of the PAA block.14 The corona of
the micelles consisting of a hydrophilic PEG block prevents secondary aggregation via steric
repulsion between the PEG chains.

Figure 4.2. (a) TEM image and (b) PS core size distribution histogram of PS-b-PAA-b-PEG block
copolymer micelles.
Figure 4.3a and b show the SEM images of the pristine and Au-loaded mesoporous Fe2O3. A
well-organized mesoporous Fe2O3 with an average pore size of 39 nm can be obtained (Figure
4.3c). The fact that the average pore size of the resulting mesoporous Fe2O3 is very similar to the
average diameter of the spherical micelles suggests that the spherical micelles serve as pore
forming agents (Figure. 4.2b). The N2 adsorption–desorption isotherms of the pristine
mesoporous Fe2O3 show characteristics of mesoporous materials and its specific surface area was
measured by the Brunauer–Emmett–Teller (BET) method to be 87.0 m2 g−1. The crystal structure
of the Au-loaded mesoporous Fe2O3 was investigated by wide-angle XRD. The XRD pattern of
the Au-loaded mesoporous Fe2O3 can be matched with the α-Fe2O3 phase (JCPDS No. 33-0664)
(Figure 4.4). Furthermore, a single peak corresponding to the (220) peak of maghemite (γ-Fe2O3)
and additional diffraction peaks at 2θ = 38°, 44°, and 64°, indexed to the (111), (200), and (220)
peaks of the Au fcc crystal (JCPDS card No. 04-0784) can also be observed.
The mesoporous nature of the as-synthesized mesoporous Fe2O3 can also be observed from the
TEM image shown in Figure 4.3d. The large surface area and pore volume exhibited by the
mesoporous Fe2O3 are expected to be beneficial for accommodating the incorporation of large
guest species, while also providing good diffusion of reactant molecules during catalytic reactions.
Following the loading of Au NPs, the mesoporous structure of Fe2O3 is still well-retained and the
appearance of some small Au NPs can be observed (Figure 4.3b and e). Moreover, from the TEM
image shown in Figure 4.3e, it is revealed that well- dispersed Au NPs with varying sizes of 3–10
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nm are present on the surface of the mesoporous Fe2O3. The high-resolution TEM (HRTEM)
image of the Au-loaded mesoporous Fe2O3 shows well-defined lattice fringes with d-spacing of
0.24 nm and 0.23 nm, which correspond to the d-spacing of α-Fe2O3 (220) and Au (111),
respectively (Figure 4.3f). Moreover, the presence of Fe, O, and Au in the Au-loaded mesoporous
Fe2O3 has been successfully confirmed through TEM elemental mapping, as presented in Figure
4.5.

Figure 4.3. (a, b) SEM images of mesoporous Fe2O3 (a) before and (b) after Au loading. (c) Pore
size distribution histogram of the pristine mesoporous Fe2O3. (d, e) TEM images of mesoporous
Fe2O3 (d) before and (e) after Au loading. (f) High-resolution TEM image of Au-loaded
mesoporous Fe2O3.

Figure 4.4. Wide-angle XRD pattern of Au-loaded mesoporous Fe2O3.
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Figure 4.5. Elemental mapping of Au-loaded mesoporous Fe2O3 ((a) Au, (b) Fe, (c) O, and (d)
combined).
Following the Au loading, the mesoporous Fe2O3 was analyzed by XPS to determine the chemical
states of Fe and Au. The XPS survey spectrum of the Au-loaded mesoporous Fe2O3 confirms the
presence of the three main composing elements, which are Fe, O, and Au (Figure 4.6a). The two
main deconvoluted peaks of the O 1s XPS spectrum of the Au-loaded mesoporous Fe2O3 at
binding energies of 529.5 eV and 531.9 eV can be assigned to oxygen atoms in the Fe2O3 lattice
and chemisorbed water on the Fe2O3 surface, respectively (Figure 4.6b).18 In comparison, the two
deconvoluted O 1s XPS peaks of the pristine mesoporous Fe2O3 are located at slightly lower
binding energies of 529.4 eV and 531.4 eV, which may be due to a possible electron transfer
between the mesoporous Fe2O3 support and the Au NPs.19 Moreover, the deconvoluted Fe 2p
peaks of the Au-loaded mesoporous Fe2O3 reveal the existence of two main peaks, Fe 2p3/2 and Fe
2p1/2, at binding energies of 710.6 eV and 724.2 eV, respectively, with the difference in binding
energy being 13.6 eV. Furthermore, the two satellite peaks at 719.3 and 732.5 eV indicate that iron
exists as a trivalent form of Fe3+ (Figure 4.6c) and other oxidation states, such as Fe0 and Fe2+, are
not present in the Au-loaded mesoporous Fe2O3.20–22 In contrast to the pristine mesoporous Fe2O3,
the Fe 2p1/2 peak position of the Au-loaded mesoporous Fe2O3 is shifted to a higher binding energy
by 0.3 eV, which further suggests the possibility of electron transfer between the Fe2O3 support
and Au NPs.23 The deconvoluted peaks of Au 4f at binding energies of 83.4 eV and 87.0 eV
correspond to Au 4f7/2 and Au 4f5/2, respectively, suggesting that the valency state is Au0 (Figure
4.6d).24 This finding confirms the successful loading of Au NPs into the mesoporous Fe2O3.
Inspired by its large surface area and pore volume, the resulting Au-loaded mesoporous Fe2O3 was
employed as a catalyst for both CO and NH3 oxidation which are important reactions in various
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industrial applications. The ICP analysis reveals that the mesoporous Fe2O3 can be loaded with as
high as 7.9 wt% of Au NPs, which is almost 10 times higher than the Au loading achieved with
the commercial Fe2O3 (Haruta Gold Inc.). The much higher loading of Au NPs achieved on the
mesoporous Fe2O3 support compared to the commercial Fe2O3 support may be attributed to: (i) the
higher surface area which can accommodate a large number of Au NPs while decreasing their
density, thereby preventing their aggregation and (ii) the presence of a greater number of surface
defects (e.g., steps, edges and kinks) on the mesoporous Fe2O3 (i.e., Au NPs cannot easily adsorb
on a flat metal oxide surface.).

Figure 4.6. (a) XPS survey spectrum and (b–d) high resolution XPS spectra of Au-loaded
mesoporous Fe2O3 ((b) O 1s, (c) Fe 2p, and (d) Au 4f).
Table 4.1 Comparison of specific activities of Au/Fe2O3-based catalysts for CO oxidation
Sample

Au loading

Specific activitya
‒1

Ref.

‒1 #

(wt%)

(molCO gAu h )

Au loaded mesoporous iron oxide

7.9

0.30

This work

Au/porous α-Fe2O3 nanorods

0.5

3.99

25

Au/commercial Fe2O3 (Fluka)

0.5

1.21

25

Au/α-Fe2O3

2.9

2.12

10

Au/α-Fe2O3-C

2.9

0.40

10

Au/γ-Fe2O3

2.9

33.3

10

Au/γ-Fe2O3-C

2.9

9.85

10

Au/Fe2O3-WGCb

4.4

0.18

26

Au/FeOx

3.7

3.78

26

Au/ Fe2O3

1.0

0.94

9

a Measured at room temperature. b Provided by World Gold Council which was prepared via a coprecipitation method and calcined at 400 °C
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The catalytic performance of the Au-loaded mesoporous Fe2O3 for CO oxidation is shown in
Figure 4.7a. The experiments were conducted under similar gas hourly space velocity (GHSV)
and Au loading. Unlike the commercial Au/Fe2O3 catalyst which shows a very small CO
conversion efficiency of 4% at 25 °C, the Au-loaded mesoporous Fe2O3 displays a much higher
CO conversion efficiency of around 40% at room temperature. The specific activity of the Auloaded mesoporous Fe2O3 is 0.30 molCO gAu−1 h−1 which shows moderate performance compared
to that of previously reported Fe2O3/Au catalysts (Table 4.1). With the increase in temperature up
to 150 °C, both catalysts show better catalytic performance, with the Au-loaded mesoporous Fe2O3
still showing 10–20% higher CO conversion than the commercial Au/Fe2O3 catalyst. However, the
two catalysts display a relatively similar CO conversion efficiency starting from 200 °C. A
complete oxidation of CO is observed at an operating temperature of 250 °C for both catalysts.
In such iron oxide-supported Au catalysts, the reaction mainly occurs at the bonding interface
between the Au NPs and the iron oxide surface. During the catalytic reaction, oxygen is adsorbed
on both the defects present on the surface of the iron oxide and the neighbouring Au NPs and it
reacts with the CO adsorbed on the Au NPs to generate carbon dioxide (CO2).27

Figure 4.7. Comparison of catalytic performance of Au-loaded mesoporous Fe2O3 (mesoporous
Fe2O3/Au) with commercial Au/Fe2O3 ((a) CO oxidation and (b) NH3 oxidation). The data are
normalized by the total catalyst amount (Au + Fe2O3), except for the * plot where the data are
obtained by increasing the amount of the commercial Au/Fe2O3 catalyst as the loading amount of
Au is the same as Au-loaded mesoporous Fe2O3 catalysts.
Furthermore, a previous report by Yoon and co-workers28 has shown that Au NPs supported on
oxygen defect-rich magnesium oxide (MgO) were active for low-temperature CO oxidation,
whereas those supported on nearly defect-free MgO surfaces were rather inactive. Based on these
studies, it is obvious that the differences in the surface condition of the metal oxide support greatly
influence the ease of activation of oxygen which in turn, affects the CO oxidation reaction rate.7
Thus, one of the main reasons for the enhanced CO conversion rate of the Au-loaded mesoporous
Fe2O3 catalyst is the presence of a greater number of active sites due to the presence of additional
surface defects on the mesoporous Fe2O3 surface which can improve the oxygen activation rate
and therefore, increase the CO conversion rate. Another possible reason is the presence of
mesopores which can promote an improved dispersion of the Au NPs, thus preventing their
agglomeration even at a rather high loading amount. Furthermore, the existence of mesopores can
enhance the rate of diffusion of the reactant molecules during the CO oxidation reaction. The
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elimination of NH3 from waste streams is a critical environmental issue, as many industrial
processes utilize ammonia-containing reactants or generate ammonia as a by-product.2 Among
various methods, the catalytic oxidation of NH3 is considered to be one of the most promising
methods for removing ammonia. In this work, we have also tested our Au-loaded mesoporous
Fe2O3 for NH3 oxidation. As evident in Figure 4.7b, both catalysts show no catalytic activity for
NH3 oxidation below 200 °C, because of the slower decomposition reaction speed of NH3 relative
to CO. The onset reaction temperature of both catalysts for NH3 oxidation is at 150 °C. However,
despite this similarity, the Au-loaded mesoporous Fe2O3 catalyst still shows a higher NH3
conversion efficiency (37.4%) than the commercial Au/Fe2O3 catalyst (15.6%) at 200 °C. At
250 °C, the two catalysts showed relatively similar NH3 conversion efficiencies with the values
being 82% and 80% for Au-loaded mesoporous Fe2O3 and commercial Au/Fe2O3 catalysts,
respectively. Despite the beneficial effect being not as pronounced as that observed for CO
oxidation, these results still suggest the promising potential of mesoporous Fe2O3 as a support
material for noble metal catalysts.

4.4. Conclusion
In summary, we have successfully synthesized mesoporous Fe2O3 using an asymmetric PS-bPAA-b-PEG triblock copolymer as a soft-template and incorporated Au NPs into the mesoporous
Fe2O3 support through a deposition–precipitation method. The as-synthesized mesoporous Fe2O3
exhibits well-defined pores with an average pore size of 39 nm, leading to a large surface area of
87.0 m2 g−1. Following the Au loading, the mesoporous Fe2O3 structure is still well-retained and
small Au NPs with sizes of around 3–10 nm are dispersed throughout the mesoporous Fe2O3
support. Due to its unique porous structure, high surface area, and large pore volume, the
mesoporous Fe2O3 can be loaded with a considerably higher amount of Au NPs (7.9 wt%)
compared to the commercial Fe2O3 (0.8 wt%), thus highlighting the advantages of the mesoporous
metal oxide support. When employed as a catalyst for CO oxidation, the Au-loaded mesoporous
Fe2O3 catalyst shows a significantly improved CO conversion efficiency by up to 20% compared
to the commercial Au/Fe2O3 catalyst, particularly at lower temperatures (25–150 °C). Similarly,
the Au- loaded mesoporous Fe2O3 catalyst also displays superior conversion efficiency for NH3
oxidation relative to the commercial Au/Fe2O3 catalyst.
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Chapter 5
Self-Assembly of Polymeric Micelles Made of Asymmetric
Polystyrene-b-Polyacrylic Acid-b-Polyethylene Oxide for the
Synthesis of Mesoporous Nickel Ferrite
5.1. Introduction
Ferrites are among the most important class of metal oxides owing to their magnetic properties
and potential applications in sensors,1 water treatment,2 electronics,3 catalysis,4 biomedical
applications,5 and energy-storage devices.6 The wide variety of applications of ferrite materials has
prompted researchers to develop several methods for the synthesis of ferrite-based nanostructures
such as mechanical milling,7 sonochemical reactions,8 coprecipitation,9 hydrothermal10 and
solvothermal methods.11 In recent years, mesoporous materials have been attracting increasing
attention owing to their high surface areas, large pore volumes, tunable pore sizes, and wall
compositions. The hard-templating method with the use of mesoporous silica (e.g., SBA-15, KIT6) has been applied to synthesize porous ferrite materials; however, this method often suffers from
several disadvantages such as the need for multiple synthesis steps, long reaction times, and
difficulties in removing the template.12
The soft-templating method has been considered as an alternative way for the preparation of
porous materials; however, it requires more sophisticated control of the reaction parameters. In
this method, low-molecular-weight polymers or surfactants are typically utilized and then removed
through high-temperature treatment. Finally, mesoporous metal oxides with very thin walls (3–6
nm thick) and small pore sizes (less than 10 nm) can typically be obtained. However, the
mesopores are usually not well preserved after crystallization owing to the low thermal stability of
the template.13 To increase the pore size of the mesopores to 20–30 nm, high-molecular-weight
block copolymers, such as polystyrene-b-poly(ethylene oxide) diblock copolymer and
poly(ethylene-co-butylene)-b-poly(ethylene oxide), have previously been used.14 Large-sized
pores in ferrite materials can realize high-rate rechargeable lithium-ion batteries as a result of
shorter diffusion path lengths for both the electrons and lithium ions.15
We previously developed a new approach to synthesize mesoporous materials of different
compositions by using the asymmetric polystyrene-b-poly(2-vinylpyridine)-b-poly(ethylene oxide)
(PS-b-PVP-b-PEO) triblock copolymer.16 As the PVP block is positively charged under acidic
conditions, it can attract negatively charged inorganic precursors. Through our previous work, we
realized that a negatively charged micelle template could create a better templating system,
specifically for the synthesis of metal oxides, for which, in most cases, the metal precursors are
positively charged. The dissolved metal species exist as positively charged ions and can strongly
interact with the negatively charged polymeric micelles to obtain the desired mesoporous metaloxide materials.
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In this work, we synthesized a triblock copolymer (i.e., PS-b- PAA-b-PEO) containing acrylic acid
(negatively charged in alkaline solutions), which was used for the fabrication of mesoporous
nickel ferrite with pore sizes of 20–25 nm and an average wall thickness of 12 nm. In the proposed
method, PS acts as a pore-forming agent, whereas PAA acts as a reaction site for the metal ions
owing to its strong electrostatic interaction with positively charged metal ions. Furthermore, the
acrylic acid molecules in PAA act as template molecules for the formation of inorganic porous
nickel ferrite nanostructures. The PEO polymer provides stability for the micelles in solution and
promotes the orderly organization of the composite particles during assembly of the micelles.

5.2. Experimental
5.2.1. Chemicals and Instrumentations
Iron(III) nonahydrate [Fe(NO3)3·9H2O], nickel(II) nitrate hexahydrate [Ni(NO3)2·6H2O],
tetrahydrofuran (THF), sodium hydroxide (NaOH), and absolute ethanol were purchased from
Wako Pure Chemical Industries (Japan) and were used without further purification.

5.2.2. Synthesis of Mesoporous Nickel Ferrite
In a typical procedure, the PS-b-PAA-b-PEO block copolymer (50 mg) was dissolved in THF (10
mL) with sonication. After complete dissolution, NaOH (0.1 M, 100 µL) was slowly added into
the above solution with constant stirring. Next, Fe(NO3)3·9H2O (100 mg) and Ni(NO3)2·6H2O (80
mg) were dissolved together in ethanol (400 µL), and this solution was added into the above
polymer solution. Following this, the mixture was stirred for 1 h, and the solvent was subsequently
evaporated on a petri dish at room temperature. After complete evaporation of the solvent, the dry
brown-colored membrane was calcined at 500 °C to remove the polymeric template. In the
reaction solution, the mole ratio of the Ni and Fe ions was around 1:1. This ratio remained after
the calcination process.

5.2.3. Characterization
The micelle aggregates were characterized by dynamic light scattering according to our previous
report.16 The morphologies of the polymeric micelles and mesoporous nickel ferrite were observed
by scanning electron microscopy (SEM; Hitachi SU-8000) and transmission electron microscopy
(TEM; JEOL JEM-1210). The compositions and crystal structures of the samples were analyzed
by X-ray diffraction (Shimadzu XRD-7000) with Cu-Kα (1.54 Å) in the 2θ range of 10 to 80°. The
surface composition of mesoporous nickel ferrite was analyzed by X-ray photoelectron
spectroscopy (XPS).

5.3. Results and Discussion
The asymmetric PS-b-PAA-b-PEO triblock copolymer was synthesized by reversible addition–
fragmentation chain-transfer-controlled radical polymerization. In a typical process, styrene, 2,2′azobis(isobutyronitrile), and poly(ethylene oxide-b-acrylic acid) were first dissolved in DMF.
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Following purging with argon (Ar) gas for 30 min, the solution was deoxygenated. Next, the
polymerization was carried out at 60 °C for 24 h. The polymerized mixture was dialyzed against
acetone for 3 days and pure water for 1 day. The obtained PS-b-PAA-b-PEO was recovered by a
freeze-drying technique. The details of the synthesis are reported elsewhere.17 The numberaverage degrees of polymerization of the PS, PAA, and PEO blocks estimated from 1H NMR
spectroscopy (Figure 5.1) were 80, 90, and 47, respectively.
DMSO
e
a

b

b

CH3 (O CH2 CH2 )

47

S
c
d
( CH2 C H ) S C
90

C O
O

b
c

Water d
a

e

(a)
c
d
( CH2 CH )80

g

f
g

c

g

d

f

a

e

(b)
9

8

7

6
5
4
3
Chemical shift （ppm）

2

1

0

Figure 5.1. 1H NMR spectra of (a) PS-b-PAA and (b) PS-b-PAA-b-PEO in DMSO-d6 at 100 °C.
The apparent number-average molecular weight (Mn) and molecular-weight distribution (Mw/Mn)
of PS- b-PAA-b-PEO estimated from gel-permeation chromatography (GPC) were 9.34 × 103 and
1.22, respectively (Figure 5.2).

Figure 5.2. GPC elution curves for (a) PS-b-PAA using Shodex Asahipak GF-7M HQ columns
with a phosphate buffer (pH 9) containing 10 vol% acetonitrile as an eluent at 40 °C and (b) PS-bPAA-b-PEO using Shodex KF-803L columnswith tetrahydrofuran (THF) as an eluent at 40 °C.
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The mechanism for the formation of mesoporous nickel ferrite by using the PS-b-PAA-b-PEO
triblock copolymer as a template is schematically shown in Figure 5.3.

Figure 5.3. Schematic illustration showing the mechanism of the formation of mesoporous nickel
ferrite from the PS-b-PAA-b-PEO triblock copolymer template.
The PS-b-PAA-b-PEO block copolymer was first dissolved in THF, and the use of such a
nonpolar solvent promoted the complete dissolution of the block copolymer [The Tyndall effect
was not confirmed and the light-scattering effect by the colloidal particles (i.e., micelles) was
observed, as depicted in Figure 5.4].

Figure 5.4. Photographs of polymer solution showing Tyndall effect after micellization.
The addition of a small amount of a polar solvent (dilute NaOH solution) induced micellization, as
it is a poor solvent for the block copolymer. THF is a good solvent for the triblock copolymer used
in this study, as the three polymers assembling this triblock copolymer could be dissolved in it.
However, water is a good solvent only for the PEO and PAA blocks. Owing to its glassy and rigid
nature, the PS block becomes insoluble even in the presence of a very small amount of water in
THF. As such, in our system the hydrophobic PS block is sequestered in the micelle core and the
hydrophilic PEO block comprises the corona. This is different from the case of reverse micelles,
for which the hydrophilic groups are sequestered in the micelle core and the hydrophobic groups
extend away from the center and occupy the corona.18 The formation of PS-b-PAA-b-PEO reverse

91

micelles would occur only if the hydrophobic PS block was dissolved in a solvent in which it was
soluble, whereas the PEO block was insoluble in such solvent. In this case, the PEO block would
occupy the micelle core and the PS block would comprise the corona, which would lead to the
formation of reverse micelles. Dynamic light scattering (DLS) measurements indicate that the
hydrodynamic diameter (Dh) of the polymeric micelles is approximately 80 nm. The
hydrodynamic diameter was calculated by using the Stokes–Einstein equation [Equation (5.1)]:
𝑫𝒉 =

𝒌𝑩 𝑻

(5.1)

𝟑𝝅𝜼𝑫

in which kB is the Boltzmann constant, T is the temperature in Kelvin, η is the viscosity of the
solvent, and D is the diffusion coefficient. The surface charge of the polymeric micelles was
measured to be –18 mV. The addition of NaOH not only stimulated the formation of micelles but
also induced a negative charge by means of deprotonation of acrylic acid. It is expected that the
negatively charged micelles would bind to the positively charged metal ions (most of the metal
precursors are positively charged). As alcoholic solutions of Fe and Ni ions were added into the
polymer solution, the hydrodynamic diameter decreased to 55 nm, whereas the ξ potential
increased to +3 mV. This provides a strong evidence for the electrostatic interaction between the
metal precursors and the polymeric micelles. The metal ions bound to the carboxylate anions of
the PAA block can shield the effective charges of the carboxylate anions. The electrostatic
repulsion among the anionic PAA chains is weakened, and the PAA blocks undergo a
conformational change from an extended form to a shrunken form, which results in a decrease in
the total micellar size. This confirms that very stable colloidal nanoparticles could be formed even
after loading the metal ions into the polymeric micelles. The slow evaporation of volatile solvents
at room temperature can assist the formation of inorganic/polymer composites with long-range
nanoscale periodicity. Then, high-temperature treatment at 500 °C can promote cross-linking of
the inorganic framework, induce crystallization, and remove the polymeric template to give rise to
the framework of mesoporous nickel ferrite.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging were
performed to observe the morphology of the PS-b-PAA-b-PEO block copolymer micelles and the
resulting mesoporous nickel ferrite. A representative TEM image of the micelles consisting of the
PS-b-PAA-b-PEO block copolymer is shown in Figure 5.5a. The micelles exhibit a well-defined
spherical shape, and the average size of the highlighted PS part is approximately 30 nm (Figure
5.5b). After calcination at 500 °C in air, the polymeric template is converted into mesoporous
nickel ferrite with well-ordered spherical mesopores (Figure 5.5c,d). The pore size of the resulting
mesoporous nickel ferrite is smaller than that of the original PS template, and this provides
evidence that the polymeric micelles shrink during the calcination process. The selected area
electron diffraction (SAED) patterns can be assigned to crystalline ferrite phase, as shown in
Figure 5.5f. The ring-like patterns indicate that mesoporous nickel ferrite is polycrystalline in
nature. The average pore size of the synthesized mesoporous nickel ferrite particles is 22 nm,
which was determined by measuring over 100 pores, as depicted in Figure 5.5d.
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Figure 5.5. (a) TEM image of the pure micelles (PS-b-PAA-b-PEO) in THF + water and (b) the
corresponding PS core-size distribution histogram. (c) SEM image, (d) pore-size distribution, (e)
TEM image, and (f) corresponding selected area electron diffraction (SAED) pattern of
mesoporous nickel ferrite obtained by calcination of the PS-b-PAA-b-PEO template at 500 °C in
air.

Figure 5.6. A highly magnified SEM image of the mesoporous nickel ferrite obtained by
calcination of the PS-b-PAA-b-PEO template at 500 °C. The disconnected parts are indicated by
the 1st and 2nd arrows, and the distorted part of the mesopores is indicated by the 3rd arrow.
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A highly magnified SEM image (Figure 5.6) shows the formation of the robust framework with
an average wall thickness of 12 nm. Mesoporous cobalt ferrite with an average pore size of 14 nm
was previously synthesized by using a KLE-type block copolymer.3 Unlike this polymer, our
laboratory-synthesized block copolymer with an anionic shell can be extended to the synthesis of
most metal oxides, as the deprotonated PAA block can electrostatically interact with the metal
ions (Mn+). Other examples of different ferrite mesoporous materials prepared under the same
method are shown in Figure 5.7.

Figure 5.7. (a) SEM image, (b) TEM image, and (c) pore size distribution histogram of the
mesoporous cobalt ferrite prepared with cobalt(II) nitrate and iron(III) nitrate; (d) SEM image and
(e) pore size distribution histogram of the mesoporous iron oxide prepared with iron(III) nitrate
obtained by calcination of the PS-b- PAA-b-PEO template at 500 °C.
The obtained average pore sizes are almost the same as that of the mesoporous nickel ferrite,
because the same block copolymer was used in the reaction system. After calcination, PS was
burned out, and this left behind pores. Therefore, the pore size could be simply tuned by changing
the block length of the PS domain; this is not possible with other previously reported methods, as
a pore-expanding agent was not used in these methods.16
The phase composition and crystal structure of the mesoporous nickel ferrite were examined by
wide-angle XRD. Figure 5.8a shows the XRD patterns of mesoporous nickel ferrite obtained after
calcination at different temperatures. The mesoporous nickel ferrite displays several relatively
strong and well-defined diffraction peaks corresponding to NiFe2O4 (JCPDS card no. 74-2081).
Furthermore, no other peaks belonging to nickel oxide (NiO) or iron oxide (Fe2O3 or Fe3O4) are
observed in the product, which is thus indicative of the high purity of the product. The average
size of the nanocrystals was calculated from the most intense diffraction peak (311) by using
Scherrer's formula [Equation (5.2)]:
𝒅=

𝒌𝝀

(5.2)

𝜷𝐜𝐨𝐬𝜽

in which d is the nanocrystal size, k is the Scherrer constant, λ is the wavelength of the X-rays
(Cu-Kα), β is the full width at half maximum of the diffraction peak, and θ is the Bragg angle. The
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average nanocrystal sizes are 6.6, 14.1, and 27.1 nm at 500, 600, and 700 °C, respectively. The
peak widths of mesoporous nickel ferrite become narrower upon increasing the calcination
temperature, which suggests that the crystallinity gradually increases. However, if the polymeric
template is calcined at higher temperatures (>700 °C), the mesoporous structure is demolished
owing to crystal growth of the frameworks. As shown in Figure 5.6, even in the sample calcined
at 500 °C, several disconnected parts and distortion of the mesopores are observed.

Figure 5.8. (a) XRD patterns of mesoporous nickel ferrite obtained by calcination of the PS-bPAA-b-PEO template at 500, 600, and 700 °C. High-resolution XPS spectra of (b) O 1s, (c) Fe 2p,
and (d) Ni 2p from mesoporous nickel ferrite obtained by calcination of the PS-b-PAA-b-PEO
template at 500 °C.
The surface composition of mesoporous nickel ferrite obtained by calcination of the PS-b-PAA-bPEO template at 500 °C in air was examined by X-ray photoelectron spectroscopy (XPS). The O
1s XPS peak appears at a binding energy of 529.8 eV, which shows the typical metal-oxide state.
The peak at 531.8 eV is attributed to structural defects by the hydroxyl bonds (Figure 5.8b).19
Two main peaks of the Fe 2p state with two satellite peaks are detected (Figure 5.8c). The
deconvoluted peaks at 710.0 and 723.4 eV match well with the Fe2+ state, and the other
deconvoluted peaks at 711.6 and 725.0 eV can be attributed to the Fe3+ state.20 Figure 5.8d shows
the Ni 2p XPS results with two satellite peaks. The two main peaks at binding energies of 854.4
and 872.3 eV and the other peaks at 856.1 and 874.3 eV correspond to the Ni2+ and Ni3+ states,
respectively.19,20 It may occur that higher oxidation states tend to be formed on the surface of the
mesoporous nickel ferrite. The presence of the trivalent/divalent cations support the formation of a
typical spinel crystal structure.

5.4. Conclusion
In this report, we successfully synthesized mesoporous nickel ferrite with an average pore size and
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wall thickness of 22 and 12 nm, respectively, by using the PS-b-PAA-b-PEO block copolymer as a
soft template. The negatively charged acrylate ions played an important role, as they could
electrostatically interact with the positively charged metal ions owing to attraction of the two
opposite charges. In the proposed method, polystyrene worked as a pore-forming agent, whereas
the use of polyethylene oxide helped to prevent aggregation before/during micelle assembly. It is
expected that the proposed method could be generalized for the synthesis of other mesoporous
metal-oxide materials for potential applications in magnetism, energy storage, and biomedical
applications.
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Chapter 6
Prussian blue derived iron oxide nanoparticles wrapped in
graphene oxide sheets for electrochemical supercapacitors
6.1. Introduction
Over the years, the fabrication of hybrid materials has attracted significant interest due to the
possibilities of combining the properties or advantages of two (or more) individual constituents to
meet the demand for specific applications.1 For example, multi-layered hybrid structures with
various compositions can be designed at the nanometer-level and used for a wide range of
applications such as biomedical,2 catalytic,3 sensor4 and energy storage applications.5 They can be
fabricated using a convenient layer-by-layer (LbL) approach, which is known to be a simple,
inexpensive, and versatile process. This synthesis technique can be performed through various
interactions, including electrostatic, hydrogen bonding, or charge-transfer, as well as through
chemical reactions such as sol–gel, electrochemical coupling, or click reactions.1 Recently, highly
flexible two-dimensional (2D) graphene oxide (GO) sheets have gained increasing attention
because of their potential applications.6 In particular, the hybridization of GO sheets with various
nanomaterials is a promising strategy because of the unique properties arising from the resulting
composite.7
The accelerating surge in global energy consumption has prompted research to seek new and more
efficient ways of converting and storing energy. Supercapacitors (SCs) (i.e., electrochemical
capacitors) are considered to be one of the most promising energy storage devices due to their fast
energy delivery, short charging duration, high power density, long durability and environmental
friendliness.8 High surface area carbon materials9 such as porous carbon, activated carbon, carbon
nanofiber, carbon nanotubes, and graphene, are currently among the most widely investigated
candidates for SC electrodes. 2D GO sheets have shown promising potential as SC electrodes,
because of their relatively high conductivity and layered structures which may allow for easy
transportation of electrolytes and ions. Unfortunately, they have a natural tendency to stack
through van der Waals forces,10 making it difficult to efficiently utilize their whole surface area.
Thus, achieving a good capacitive performance from pure GO remains a challenging task.
In recent years, the combination of GO with other materials to create GO-based hybrid materials
has been considered as an effective method to prevent the stacking of GO during the synthesis
process and to improve its properties in terms of conductivity and surface area.11 Metal oxides are
known to provide high energy densities for SC-based applications, because of their
pseudocapacitance. Considerable efforts have been invested towards the investigations of metal
oxides for SCs (e.g., cobalt oxide,12 nickel oxide,13 copper oxide,14 and iron oxide (IO)15). IOs
have been considered as promising candidates as electrode materials for SCs due to their high
abundance, environmental friendliness, low synthesis costs, and their high theoretical specific
capacities.16 In this study, we prepare a novel hybrid material combining GO sheets with Prussian
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blue nanoparticles which is further converted, through thermal treatment, into nanoporous GO/IO
composite useful for SC applications.

6.2. Experimental
6.2.1. Chemicals
Sodium

hexacyanoferrate(II)

decahydrate

(Na4[Fe(CN)6]•10H2O)

and

iron(III)

chloride

hexahydrate (FeCl3•6H2O) were purchased from Sigma-Aldrich, USA. Trisodium citrate dihydrate
(TSCD), and sulfuric acid were purchased from Nacalai Tesque, Japan. Potassium hydroxide
(KOH) and sodium nitrate (NaNO3) were purchased from Wako, Japan. Nanographite platelets
(N008- 100-N) of 100 nm thickness were used as raw materials to prepare the graphene oxide
(GO) sheets (Angestron materials Inc.). Potassium permanganate (KMnO4) and hydrogen peroxide
(H2O2) were purchased from Kanto Chemicals Co., Inc. All chemical reagents were used without
further purification.

6.2.2. Synthesis of GO sheets
Graphene oxide was synthesized by the modified Hummer's method. Sodium nitrate (0.3 g) was
firstly dissolved in sulfuric acid solution (10 mL) under constant stirring. Nanographite platelet
powder was then added into the above solution and further stirred for 30 min. After that, KMnO4
(0.30 g) was subsequently added into the mixture solution and aged for 1 h. Finally, H2O2 (10 mL)
was added to the mixture under constant stirring to obtain GO sheets.

6.2.3. Synthesis of PB nanoparticles
A 40 mL aqueous solution containing 3.24 g of FeCl3•6H2O and 3.24 g of TSCD was mixed with
another 40 mL aqueous solution containing 4.36 g of Na4[Fe(CN)6]•10H2O and the mixture was
vigorously stirred for 1 h before being statically aged overnight to ensure a complete reaction.
Finally, the PB nanoparticles were obtained by centrifugation.

6.2.4. Synthesis of GO/IO hybrid materials
The above-prepared GO and PB suspensions were diluted down to 2 mg mL-1 by adding water
before being mixed together under sonication with specific weight ratios of 25 : 75, 50 : 50, and
75 : 25. The mixtures were continuously treated by sonication for 30 min, and then aged overnight.
The GO/PB hybrid precipitates settling at the bottom of the vial were washed with water and
ethanol several times, before being dried at room temperature. The GO/IO hybrids were obtained
by calcining the GO/PB powders at 400 °C with a heating rate of 1 °C min-1. For comparison, IO
and GO samples were obtained by drying up and calcining the PB and the GO suspensions,
respectively, under the same conditions.

6.2.5. Characterization
Wide angle X-ray diffraction (XRD) patterns were obtained using Rigaku RINT 2500X with
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monochromated Cu-Kα radiation (λ = 1.54 Å, 40 kV, 40 mA). Scanning electron microscope
(SEM) images were obtained with a Hitachi SU8000 operated at an accelerating of 5 kV. Crosssectional transmission electron microscope (TEM) and HAADF-STEM (high-angle annular darkfield scanning transmission electron microscope) images were taken with a JEM-2100F operated
at an accelerating voltage of 200 kV. Nitrogen (N2) adsorption–desorption isotherms were
measured by Quantachrome Autosorb Automated Gas Sorption System at 77 K. The surface area
and pore volume were calculated by the BET and BJH methods, respectively. X-ray photoelectron
spectroscopy (XPS) spectra were measured at room temperature using a PHI Quantera SXM
(ULVAC-PHI) instrument with an Al-Kα X-ray source.

6.2.6. Electrochemical measurement
The electrochemical measurements were conducted in a three-electrode electrochemical cell with
a Pt counter electrode and a Ag/AgCl reference electrode in a 3 M KOH solution. The samples
were coated on graphite substrates and used as working electrodes (the graphite substrate serves as
a current collector). In detail, the graphite substrates were polished using a fine polisher under
constant water flow, etched in a 0.1 M HCl solution at room temperature for 10 min, and finally
washed with deionized water in an ultrasonic bath for 30 min. The powder samples were mixed
with a poly(vinylidinedifluoride) (20%) in N-methyl-2-pyrrolidone (NMP) solvent. The resulting
slurries were homogenized by ultrasonication and coated onto the graphite substrates, followed by
drying at 80 °C for 2 h in a vacuum oven. Cyclic voltammetry (CV) measurements were obtained
using an electrochemical workstation (CHI 660, CH Instruments, USA) in the scan range of 0 to
−1.2 V. For every experiment, the typical area under consideration was 1 × 1 cm2. The specific
capacitance value was calculated from cyclic voltammetry using the following equation.
𝑪𝒈 =

𝑽𝒇
𝟏
𝑰(𝑽)
𝒎𝒔(𝑽𝒇 !𝑽𝒊 ) 𝑽𝒊

𝒅𝑽

(6.1)

where Cg is gravimetric capacitance (F g−1), s is the potential scan rate (V s−1), V is the scanned
potential within the Vf − Vi window (V), I is current (A), and m is the mass of the active material
(g).

6.3. Results and Discussion
The crystal structure and phase purity of the PB nanoparticles were investigated by wide-angle
XRD (Figure 6.1a). The average crystallite size is calculated to be around 15 nm with the
Scherrer equation. This is well-supported by the SEM and TEM images of the synthesized PB
nanoparticles which show quasi-spherical shape with an average size of ∼15 nm (Figure 6.2).
During the synthesis, the surface of both GO sheets and PB nanoparticles were negatively charged.
When both suspensions were mixed together, they remained colloidally stable for a certain period.
This is critical to maintain a uniform reaction during the preparation of well-organized hybrid
materials.
Wide-angle XRD was used to investigate the crystal structure and the phase purity of the products
before and after calcination (Figure 6.1). The diffraction pattern of the GO sheets displays two
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peaks at 12° and 26°, which can be assigned to the interlayer spacing between the GO sheets.17

Figure 6.1. Wide-angle XRD patterns of samples prepared with various GO : PB ratios (a) before
and (b) after calcination.

Figure 6.2. (a) SEM and (b) TEM images of PB nanoparticles used in this study.
After hybridization with the PB nanoparticles, the diffraction peaks derived from the GO sheets
disappear, while several new intense reflections corresponding to PB can be observed (JCPDF no.
01-070-0557). This indicates that the PB nanoparticles are located within the interlayer spacing of
the stacked GO sheets which becomes disordered. The calcination of the GO/PB hybrids with high
PB content results in the formation of an impurity-free γ-Fe2O3 phase in the resulting hybrid
materials, as identified from the XRD peaks at around 35° and 63°. The calcined GO sample
shows a sharp diffraction peak at 27° which can be indexed to the peak of stacked GO layers. The
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peak of stacked GO layers can also be observed in the XRD pattern of the hybrid sample prepared
with the GO : PB ratio of 75 : 25, suggesting that there is not enough IO to keep all the GO
sheets well-spaced, thus some stacking is still observed.

Figure 6.3. SEM images of the un-calcined samples prepared with various GO:PB ratios [The
GO:PB ratios are (a) 25:75, (b) 50:50, (c) 75:25, and (d) 100:0, respectively].

Figure 6.4. SEM images of the calcined samples prepared with various GO : PB ratios [the GO :
PB ratios are (a) 25 : 75, (b) 50 : 50, (c) 75 : 25, and (d) 100 : 0, respectively].
SEM was utilized to observe the surface morphology of the GO/PB hybrids before and after the
calcination (Figure 6.3 and 6.4, respectively). The original 2D morphology of the GO sheets is
well-preserved even after calcination. In the case of the GO/IO hybrid samples, the surface of GO
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Figure 6.5. SEM image of the GO/IO hybrid prepared from the thermal treatment of the GO/PB
sample (GO:PB=25:75) at 400 °C in air.

Figure 6.6. The cross-sectional (a) HAADF-STEM image and (b-d) TEM elemental mapping
images of the GO/IO hybrid prepared from the thermal treatment of the GO/PB sample (GO:PB
=25:75) at 400 °C in air.

Figure 6.7. High-resolution TEM (HRTEM) image of the interface between GO and IO.
is well covered with fine IO nanoparticles, free of aggregates (as observed in the highly-magnified
SEM image shown in Figure 6.5) and this observation is supported by the XRD analysis. It can be
clearly observed from the cross-sectional HAADF-STEM image and elemental mapping (Figure
6.6) that the IO nanoparticles are well-inserted within the interspaces of the GO sheets. The
thicknesses of the GO sheets and the IO layers are around 10–100 nm and 10–60 nm, respectively.
High resolution TEM (HRTEM) analysis was employed to investigate the interface between GO
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and IO (Figure 6.7). The HRTEM image shows lattice fringes with a d-spacing of 0.345 nm,
which is indexed to the (002) plane of GO. Furthermore, lattice fringes with d-spacings of 0.253
nm and 0.295 nm were also observed, which correspond to the (311) and (220) planes of γ-Fe2O3,
respectively. The obtained hybrid structure containing O, C, and Fe elements were also
characterized by XPS, as shown in Figure 6.8.

Figure 6.8. High-resolution XPS spectra for (a) O 1s, (b) C 1s (c) Fe 2p orbitals of the GO/IO
hybrid prepared from the thermal treatment of the GO/PB sample (GO:PB =25:75) at 400 °C in air.
Upon calcination at high temperatures in air, the C–N bridges in PB were removed to form iron
oxides. Our previous study18 has demonstrated that the result of thermogravimetry/differential
thermal analysis/mass spectrometry (TG-DTA-MS) under He/O2 flow (volume ratio = 80 : 20,
flow rate = 200 mL min−1) indicated several exothermic peaks at approximately 260–310 and
470 °C, accompanied with the production of CO2 and/or N2O (m/z = 44) as well as N2 and/or CO
(m/z = 28), which is typical for the combustion reaction of a CN-containing material. In our
experiment, we kept the samples at 400 °C for 1 hour during the calcination process, which is
enough to completely convert PB into IO and no carbon and nitrogen are identified in the final
product. In contrast, under the present calcination temperature (up to 400 °C), the GO is not fully
decomposed even in air. Only the decomposition of oxygen-containing groups from the GO sheet
is observed at around 170 to 300 °C.19 It is expected that GO is reduced to rGO during calcination
by removal of the functional groups.20 Therefore, in our calcination process, we can successfully
convert the starting GO/PB material to nanoporous rGO/IO hybrid composite.
To evaluate the surface area and porosity the GO/IO hybrids, N2 adsorption–desorption isotherms
were carried out (Figure 6.9). The surface areas and the pore volumes were calculated by the BET
and BJH methods and the results are summarized in Table 6.1. While the surface area of IO is
larger than that of GO, it is further synergically increased when both materials are combined into
one composite. This is expected as the GO sheets offer a much larger available surface when they
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are appropriately spaced by the IO nanoparticles.

Figure 6.9. (a) N2 adsorption–desorption isotherms of the calcined samples prepared with various
GO : PB ratios and (b) their pore size distribution curves obtained by the BJH method.
The rapid growth of portable electronic devices has led to the extensive research into the
development of high performance energy storage devices such as supercapacitors and batteries.21
The electrochemical properties of the synthesized pure GO, pure IO and GO/IO hybrid materials
for supercapacitors were studied using a standard three-electrode system. The CV measurements
of these three samples (GO, IO, and GO/IO prepared with the GO : PB ratio of 25 : 75) are
shown in Figure 6.10a. The specific capacitance of the GO/IO hybrid at a scan rate of 20 mV s−1
(91 F g−1) is superior to those of the pure components (81 F g−1 for GO and 47 F g−1 for IO). The
GO sheets in the GO/IO composite are well-spaced due to insertion of IO nanoparticles into their
interlayer spaces, thus giving the electrolyte easy access to the whole electrode surface, which
ultimately results in an improved electrochemical performance, including a higher specific
capacitance value. On the other hand, the seriously stacked GO and IO samples show lower
surface areas, thus, the ions cannot access the electrode surface effectively. Although IO is a
pseudocapacitive material, its resistivity is relatively high and this can hinder its performance for
supercapacitor applications. The presence of GO in the GO/IO hybrid can increase the electrical
conductivity of the hybrid, whilst also providing a large contact area with the electrolyte, high
structural stability, and short transport paths for electrons/ions.

Figure 6.10. (a) Comparative CV curves of GO, IO and GO/IO hybrid samples (prepared with
GO : PB = 25 : 75), (b) CV curves for GO/IO hybrid sample at the scan rates of 20, 40, 60, 80 and
100 mV s-1, respectively, and (c) variation of specific capacitance with different scan rates for
GO/IO hybrid sample.
The CV curves of the GO/IO hybrid at various scan rates ranging from 20 to 100 mV s−1 are
shown in Figure. 6.10b and c. With increasing scan rates, the capacitance of GO/IO hybrid
gradually decreases from 91 F g−1 (at 20 mV s−1) to 53 F g−1 (at 40 mV s−1), 38 F g−1 (at 60 mV
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s−1), 30 F g−1 (at 80 mV s−1), and 20 F g−1 (at 100 mV s−1), respectively. At lower scan rates, the
pseudocapacitive charge-storage is dominant as implied by the CV shape. As the scan rate
increases, however, the oxidation and reduction peaks slightly disappear. This suggests that the
EDLC (electric double-layer capacitor) charge storage of the GO component becomes dominant at
higher scan rates. More interestingly, our capacitance performance is comparable to the previous
literature reports. Our capacitance value is higher than those of FeOx–carbon nanotubes (84 F
g−1),22 Fe2O3 nanorods (64.5 F g−1).23 Furthermore, though FeOOH nanoparticles have shown a
high capacitance of 148 F g−1 at 5 mV s−1, they showed a very poor retention performance (44 F
g−1 at 20 mV s−1).24 Even though the capacitance value obtained from the present study is not too
high, this study still demonstrates the superior electrochemical performance of the GO/IO hybrid
compared to the pure GO and IO samples. We believe that our asymmetric supercapacitor (ASC)
device development combined with the utilization of other pseudocapacitive materials will further
enhance the performance of these cost-effective materials.

6.4. Conclusion
We have demonstrated the synthesis of a new hybrid material combining GO sheets with PB
nanoparticles which was further converted into nanoporous GO/IO composites by thermal
treatment in air at 400 °C. The presence of the IO nanoparticles on the GO surface prevents the
GO sheets from stacking together, thus leading to a higher surface area. Such an ideal structure
gives the electrolyte easy access to the electrode surface, which ultimately results in a higher
specific capacitance. Although IO is a pseudocapacitive material, its resistivity is relatively high
and this can hinder its performance for supercapacitor applications. The presence of GO in the
GO/IO hybrid composite increases the electrical conductivity as well as provides a large contact
area with the electrolyte, high structural stability, and short transport paths for electrons. It is
expected that by combining GO sheets with other cost-effective and abundant metal oxides such as
NiO, Co3O4, RuO2, we can expect a much higher performance in supercapacitors.
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Chapter 7
Gold-Loaded Nanoporous Iron Oxide Nanocubes Derived from
Prussian Blue as Carbon Monoxide Oxidation Catalyst at Room
Temperature
7.1. Introduction
Vehicle and industrial emissions have greatly contributed to the release of harmful CO gas into the
atmosphere because of the incomplete burning of fossil fuels.1 CO gas presents many health
hazards to humans as it readily binds with haemoglobin in the blood to form carboxyhaemoglobin
which can lead to serious respiratory diseases, vomiting, nausea, and even death at high
concentration.2 Therefore, it is important to capture or convert CO gas into non-toxic CO2 before it
is emitted into the air. CO oxidation is one of the most commonly studied catalytic reactions
owing to its technological importance and fundamental interest. At present, noble metals, such as
gold (Au), platinum (Pt), palladium (Pd), and rhodium (Rh) are among the most widely used
catalysts for CO oxidation due to their high reactivity and stability.3-6 However, despite their high
catalytic activity, the high cost, high operating temperature (≥150 °C), scarcity and ease of
decontamination of these noble metals have impacted their practical applications.7 Thus, the
deposition of noble metals onto porous support materials has become one of the viable options for
increasing their attractiveness for industrial applications. The utilization of porous support
materials is expected to not only to reduce the usage of noble metals but also to enhance the
overall catalytic activity, as some active supports possess the capability to interact with the noble
metals. Although bulk gold (Au) shows poor catalytic activity, it is well known that supported Au
nanoparticles (NPs) exhibit high catalytic activity at lower temperatures.8, 9 This is particularly
important as CO oxidation at room temperature is gaining more momentum for important practical
applications, such as CO sensors,10 CO safety gas masks,11 and CO abatement in air purifiers.12 As
such, many studies have been performed in the past to develop highly efficient catalysts for low
temperature CO oxidation catalyst based on supported Au NPs.
The selection of support materials, preparation method, and promoters plays a key role in
determining the catalytic activity of supported noble metal catalysts. Transition metal oxides, such
as FexOy13, 14, Co3O413, 15, MnOx16, and TiO213, 17 exhibit great potential as support materials for
noble metal NPs due to their high chemical and thermal stabilities, wide abundance, and low
cost.18 In addition, some oxides can further enhance the overall catalytic activity of the catalysts
by enabling CO to react with the adsorbed oxygen species on their surface and the intermediate or
oxygen provided by the support themselves.19
Among various oxides, iron oxides (FexOy) have gained significant attention as support materials
for noble metal NPs owing to their magnetic properties, wide abundance, low production cost,
good safety, and environmentally friendliness. In fact, Au NPs supported on iron oxide catalysts
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(Au/FexOy) is well known as one of the most active catalysts for CO oxidation. The size,
morphology, and porosity of the iron oxide supports can directly influence the catalytic
performance of iron oxide-supported noble metal catalysts. Hence, many efforts have been
devoted to synthesize versatile morphologies of iron oxides, including nanospheres20, nanocubes
(NCs)21, 22, nanorods23, nanotubes24, hollow spheres25, and hierarchical flower-like structure.26
Furthermore, in recent years there has been a growing interest in the utilization of mesoporous
oxides in catalytic reactions. For example, in our recent study, Au NPs supported on twodimensional mesoporous maghemite (γ-Fe2O3) nanoflakes showed very high specific activity for
CO oxidation (8.41 molCO gAu-1 h-1) at room temperature owing to the improved dispersion of
Au NPs and increased amount of reaction sites for the adsorption of oxygen and CO molecules
because of their high surface area and mesoporous nature.27 Srivastava et al.28 reported
mesoporous Fe2O3 catalyst which exhibited a high catalytic activity for the conversion of
cyclohexane into cyclohexanone and cyclohexanol with a high selectivity.
Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) consisting of covalent
linkages between metal ions and organic ligands have been widely used as sacrificial templates for
preparing nanoporous materials due to their large surface areas, controllable composition and
porosity.29, 30 Among various coordination polymers, Prussian Blue (PB) and its analogues, in
which the metal components are joined together by cyano-ligands through coordination bonds
have been considered as attractive precursors for the preparation of nanoporous iron oxides with
high surface area and large pore volume.31 While PB-derived nanoporous iron oxides have been
used for lithium-ion batteries,32 supercapacitors,33, 34 drug delivery,35 p-nitrophenol reduction,36
their utilization as support materials for noble metal NPs for CO oxidation reaction has rarely been
explored.
In this work, we have utilized PB NCs as sacrificial template for the preparation of mesoporous
iron oxide NCs. The PB NCs were calcined at different temperatures, including 250 °C, 350 °C,
and 450 °C and the resulting mesoporous iron oxide NCs were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and nitrogen (N2) adsorption-desorption isotherms.
These mesoporous iron oxide NCs were subsequently loaded with Au NPs through the depositionprecipitation (DP) method. Interestingly, although a higher loading of Au NPs tends to decrease
the catalytic activity due to their aggregation, the as-prepared PB NCs can be loaded with a higher
amount of Au NPs of up to 11 wt.% without significant aggregation. The Au-loaded mesoporous
iron oxide NCs obtained at different calcination temperatures were then employed as catalysts for
CO oxidation at room temperature and the possible reasons behind the good catalytic performance
is discussed.

7.2. Experimental
7.2.1. Chemicals
PVP (Polyvinylpyrrolidone) (K30, Mw= 40000) was purchased from Nacalai Tesque. Potassium
hexacyanoferrate(III) (K3[Fe(CN)6]⋅3 H2O), gold(III) chloride trihydrate (HAuCl4·3H2O, 99.99%),
sodium hydroxide (NaOH, 98%), and hydrochloric acid (HCl, 37 wt.% in H2O) were purchased
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from Wako Chemical Industries, Ltd. All the chemicals were used as received without further
purification.

7.2.2. Synthesis of Au-loaded mesoporous iron oxide nanocubes (NCs)
The mesoporous iron oxide NCs were prepared according to our previous report.37 In a typical
process, 6.0 g of PVP (polyvinylpyrrolidone) (K30) and 264 mg of K3[Fe(CN)6]·3H2O were
dissolved in 80.0 mL of 0.01 M HCl aqueous solution under magnetic stirring. After the solution
became clear yellow, the vial was placed into an electric oven and heated at 80 °C for 30 h. After
cooling down to room temperature, the precipitate was collected by centrifugation and washed
with DI water and ethanol for several times and subsequently dried at room temperature for 24 h.
Following this, the PB powder was placed into an alumina crucible and heated in air at the
designated temperatures (250 °C, 350 °C, 450 °C) under a slow a heating rate of 1 °C min−1. The
samples calcined at 250 °C, 350 °C, 450 °C were labeled as PB-250, PB-350 and PB-450,
respectively. Deposition-precipitation method was utilized to load Au NPs onto the porous iron
oxide nanocubes according to our previous report.7 In a typical procedure, 5 mM of HAuCl4 was
firstly dissolved in 100 mL of water. The solution was then heated to 70 °C and the pH was
adjusted to 7 with the proper amount of NaOH solution. After cooling down to 15 °C, 50 mg of
the porous iron oxide NCs were added into the solution. The suspension was then stirred for 1 h at
70 °C and subsequently washed with distilled water for several times. Finally, the suspension was
dried up under vacuum for overnight and the dried powder was subsequently calcined in air
various temperatures, including 250 °C, 350 °C and 450 °C obtain the Au-loaded mesoporous iron
oxide NCs. The Au-loaded samples PB-250, PB-350 and PB-450 were correspondingly labeled as
Au/PB-250, Au/PB-350 and Au/PB-450, respectively.

7.2.3. CO oxidation catalyst test
The catalytic tests for CO oxidation were conducted using similar procedures as our previous
reports.7, 27 In a typical procedure, 4 mg of the catalyst is inserted into a U-shaped glass tube and
then heated to 250 °C under 0.1 L min-1 of air flow for 30 min. Next, 1000 ppm of CO in air (0.1
vol% CO) was supplied into the tube at a controlled flow rate and the catalytic reaction was
performed at 25 °C and a humidity level of 60%. The rate of CO conversion was calculated from
the change in the CO concentration after contacting the catalyst according to the equation:
CO conversion (%) =

!" !"![!"]!"#
[!"]!"

x 100%

(7.1)

In order to study the effect of flow rate on the CO conversion, the CO gas flow rate was adjusted
from 0.1 L min‒1 to 2 L min‒1.

7.2.4. Characterization
The morphological examination of the samples was performed using scanning electron
microscope (SEM) (Hitachi SU-8000) operated at an accelerating voltage of 5 kV and
transmission electron microscope (TEM) (JEOL JEM-2100F) operated at an accelerating voltage
of 200 kV. The purity and phase composition of the samples were analyzed by X-ray diffraction
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(Shimadzu XRD-7000) with Cu-Kα (λ=1.54 Å). Thermogravimetric analysis (TGA) of the PB
nanocubes was performed from room temperature to 800 °C under air atmosphere and a heating
rate of 10 °C min-1 using a Hitachi HT-Seiko Instrument Exter 6300 TG. Inductively coupled
plasma optical emission spectrometry (ICP-OES) measurements of the Au-loaded mesoporous
iron oxide NCs were performed using a Hitachi model SPS3520UV-DD. Nitrogen (N2)
adsorption-desorption measurements were performed with a Belsorp-mini II Sorption System at
77 K to analyze the textural characteristics of the samples. The specific surface areas and pore size
distribution of the samples were evaluated using the multipoint Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods, respectively. Before the BET measurement, each
sample was degassed at 120 °C for 16 h.

7.3. Results and Discussion
TGA analysis was used to check the thermal decomposition behaviour of the PB nanocrystals, as
shown in Figure 7.1.

Figure 7.1. TGA curve of the Prussian Blue nanocubes from room temperature to 800 °C under
air atmosphere with a heating rate of 10 °C min-1
The initial weight loss up to 150 °C is attributed to the removal of physisorbed or chemisorbed
water. The second weight loss starting from 150 °C to 250 °C corresponds to the loss of crystalline
water and the sharp curve from 250 °C to 350 °C corresponds to the oxidative decomposition of
the cyanide group of PB.31 Further critical weight loss is not observed after 350 °C, indication the
complete decomposition of PB. To convert the PB NCs into porous iron oxide NCs, they were
calcined at various temperatures, including 250 °C, 350 °C and 450 °C. The surface morphology
of the PB NCs and the corresponding iron oxide NCs were investigated by SEM. The PB sample
exhibits cubic-like structure with an average particle size of 120 nm, as shown in Figure 7.2a.
Following calcination at 250 °C, the cubic-like structure of the original PB NCs is well-preserved,
although the surface of the NCs becomes slightly rough (Figure 7.2b). With the increase of the
temperature to 350 °C, these NCs become more porous as indicated by the increasing roughness of
the surface, however their cubic-like structure is still well-maintained (Figure 7.2c). However,
when the calcination temperature was raised further to 450 °C, although the resulting iron oxide
NCs become more porous, some collapsed or broken NCs are also observed (Figure 7.2d). The
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Figure 7.2. SEM images of (a) PB NCs, (b) PB-250, (c) PB-350 and (d) PB-450.
porosity of these iron oxide NCs originates from the decomposition of the cyanide ligands of PB
and the removal of adsorbed water molecules.
The crystal structure and phase composition of the original PB NCs and the corresponding iron
oxide NCs obtained at different calcination temperatures were checked by wide-angle XRD.

Figure 7.3. XRD patterns of (a) PB NCs and (b) calcined PB NCs (PB-250, PB-350, and PB-450)
and (c) the corresponding N2 adsorption/desorption isotherms and (d) BJH pore size distribution
curves.
From Figure 7.3a, it can be observed that the as-synthesized PB NCs are highly crystalline and
the observed diffraction peaks match well with the standard diffraction pattern of fcc PB (JCPDS
No. 73-0687).38 No other peaks belonging to impurities were detected, indicating the high purity
of the obtained PB NCs. The XRD patterns of the calcined PB NCs, i.e., PB-250, PB-350, and PB450 show the (220), (311), (400), (422), (511), and (440) peaks of γ-Fe2O3 (JCPDS No. 39-1346)
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as well as the (104), (110), (024), and (116) peaks of α-Fe2O3 (JCPDS No. 33-0664) (Figure
7.3b).23, 27 The increase of calcination temperature to 450 °C is observed to weaken the peaks of γFe2O3, suggesting that α-Fe2O3 phase becomes increasingly more dominant at higher calcination
temperatures.
Table 7.1. Textural characteristics of the Prussian Blue-derived mesoporous iron oxide nanocubes
obtained at different calcination temperatures
Sample

Calcination

Phase

Specific

Pore

temperature

composition

surface area

volume

pore size

3

2

(ºC)

-1

Peak
-1

(m g )

(cm g )

(nm)

PB-250

250

γ-Fe2O3/α-Fe2O3

62.6

0.368

3.28

PB-350

350

γ-Fe2O3/α-Fe2O3

99.8

0.502

3.28

PB-450

450

γ-Fe2O3/α-Fe2O3

54.8

0.402

4.76

Figure 7.4. SEM images of the Au-loaded mesoporous iron oxide NCs: (a) Au/PB-250, (b)
Au/PB-350, (c) Au/PB-450. (d) Typical TEM image, (e) high resolution TEM (HRTEM) and (f)
selected area electron diffraction (SAED) of Au/PB-350.
The specific surface area, pore volume and pore size distribution of the iron oxide NCs achieved at
different calcination temperatures were investigated by nitrogen (N2) adsorption-desorption
measurements. The N2 adsorption-desorption isotherms of all the samples exhibit a type-IV
hysteresis loop, as evident in Figure 7.3c, indicating their mesoporous nature.27 The textural
characteristics of the iron oxide NCs are summarized in Table 7.1. The specific surface areas of
PB-250, PB-350, and PB-450 are 62.6, 99.8, and 54.8 m2 g-1, respectively. The smaller surface
area of PB-250 compared to PB-350 is attributed to the incomplete removal of the cyanide ligand
at 250 °C. On the other hand, the specific surface area of PB-450 is significantly lower than that of
PB-350 at 54.8 m2 g-1, which may be attributed to the partial breakage or collapse of the nanocubes,
as seen in Figure 7.2d. Interestingly, the peak of the pore size of the samples gradually increases
from 3.28 nm to 4.76 nm with the increase of calcination temperature from 250 °C to 450 °C
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(Figure 7.3d). It is expected that the iron oxide NCs with the higher surface area can accept a
higher loading of Au NPs with improved dispersion or separation between the Au NPs.

The morphology of the iron oxide NCs after the deposition of Au NPs was observed by SEM.
From Figure 7.4a-c, it can be observed that all the NCs are well covered with Au NPs while
preserving the nanocubic structure, however, Au/PB-250 showed relatively smooth surface
compared to Au/PB-350 and Au/PB-450. In the case of Au/PB-350 and Au/PB-450, the deposited
Au NPs are well-dispersed onto the mesoporous structure. TEM imaging was utilized for further
morphological investigation of a typical sample, such as Au/PB-350, as shown in Figure 7.4d. Au
NPs with an average size of 2 nm were well dispersed on the surface and interior of the iron oxide
NCs. The high-resolution TEM (HRTEM) of Au/PB-350 reveals well-defined lattice fringes with
a d-spacing of 0.25 nm and 0.23 nm, corresponding to the d-spacing of (311) plane of γ-Fe2O3 and
(111) plane of Au, respectively (Figure 7.4e). Selected area electron diffraction (SAED) pattern of
the Au/PB-350 sample reveals its polycrystalline nature as indicated by the ring-like pattern
(Figure 7.4f). The presence of Fe, O, Au and the good dispersion of Au nanoparticles are
confirmed using TEM elemental mapping, as shown in Figure 7.5. Furthermore, the elemental
maps of C and N of Au/PB-350 clearly show the negligible amount of these elements, thereby
indicating the complete removal of the C-N ligand of PB in this sample.

Figure 7.5. (a) High angle annular dark field (HAADF) TEM image of Au/Fe-MNF-350 and the
corresponding EDS mapping for (b) Fe, (c) O, (d) Au, (e) C, and (f) N.

Catalytic performance for CO oxidation
Inspired by their mesoporous nature and uniform morphology, the mesoporous iron oxide NCs
were calcined at various temperatures (250 °C-450 °C) and deposited with Au NPs via the DP
method and used as catalysts for CO oxidation at room temperature. The amount of Au loading on
these mesoporous iron oxide NCs was determined using ICP analysis. As shown in Table 7.2, the
samples PB-250, PB-350, and PB-450 can be successfully loaded with 10.92, 11.02, and 9.24
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wt.% of Au NPs, respectively. This is in good agreement with the BET surface areas of these
samples: PB-350 > PB-250 > PB-450 as larger surface area leads to more sites or available spaces
for the deposition of Au NPs while also decreasing their density, thereby minimizing their
aggregation. In contrast, as reported in our previous works7, 27, the commercial iron oxide sample
could only be loaded with a small amount of Au NPs (0.81 wt.%) with the same loading procedure
because of its non-porous structure and the fact that Au NPs cannot adsorb as easily on a flat metal
oxide surface.
Following the Au-loading onto the mesoporous iron oxide NCs, CO oxidation tests were
performed in the presence of these catalysts under a similar gas hourly space velocity (GHSV). As
seen in Figure 7.6a, all the PB-derived mesoporous iron oxide NCs showed high CO conversion
of over 95% under 0.1 L min-1 of GHSV. In contrast, the Au-loaded commercial Fe2O3 catalyst
displays a poor CO conversion rate of 28%. As shown in Figure 7.6b, when the GHSV was
increased to 0.2 L min-1, the CO conversion rate is slightly decreased slightly, although the
conversion rate is kept above 80%. However, the CO conversion rate is dramatically reduced
when the GHSV was increased to 1 L min-1 at around 30 %, and between 10 to 20 % when the
GHSV was further doubled to 2 L min-1. The considerable decrease in CO conversion rates of
these catalysts with increasing GHSV is caused by the reduced residence time of the reactants on
the surface of these catalysts at higher GHSV.27, 39
The specific catalytic activities of the Au-loaded mesoporous iron oxide NCs were calculated and
compared with previously reported catalysts as shown in Table 7.2. The Au/PB-350 catalyst
exhibits the highest specific catalytic activity for CO oxidation at 1.79 molCO gAu-1 h-1 followed by
Au/PB-450 and Au/PB-250 at 1.72 and 1.68 molCO gAu-1 h-1, respectively. In comparison, the
specific activity of the Au/commercial iron oxide catalyst is lower at 1.46 molCO gAu-1 h-1.
Furthermore, from Table 7.2, it can be observed that the Au/PB-350 catalyst showed better
catalytic activity than Au-loaded commercial Fe2O327 and some previously reported oxidesupported Au catalysts, including Au/α-Fe2O3-C,40 Au/α-Fe2O3,41,

42

Au/mesoporous Fe2O3,7

Au/CeO2,43 Au/γ-Al2O3,44, 45 and Au/mesoporous TiO2.17

Figure 7.6. (a) CO conversion efficiencies of Au/PB-250, Au/PB-350, and Au/PB-450 at 25 °C
under CO gas flow of 0.1 L min-1 and humidity level of 60%. (b) The influence of CO gas flow
rate on the CO conversion of these samples at 25 ºC.

115

Table 7.2. Specific activities of the as-prepared Prussian Blue-derived Au-loaded mesoporous iron
oxide NCs for CO oxidation and comparison with previously reported Au/FexOy catalysts.
Sample

Catalyst

Au

Specific activity
‒1

Ref.

‒1 #

amount

loading

(molCO gAu h )

(g)

(wt%)

Au/PB-250

0.004

10.92

1.68

This work

Au/PB-350

0.004

11.01

1.79

This work

Au/PB-450

0.004

9.24

1.72

This work

Au/commercial Fe2O3

0.004

0.81

1.46

27

Au/mesoporous Fe2O3

0.004

7.80

0.30

7

Au/α-Fe2O3

0.5

0.50

0.12

39

Au/Fe2O3

0.04

1.00

0.94

41

Au/α-Fe2O3-C

0.05

2.90

0.40

40

Au/γ-Al2O3

n/a

1.00

1.62

44

Au/γ-Al2O3

0.15

0.17

0.022

45

Au/mesoporous TiO2

n/a

27.8

0.37

17

Au/CeO2

0.10

5.70

0.005

43

Although the elucidation of the mechanism of CO oxidation over oxide-supported Au NPs is still
unclear, the general consensus is that the active sites for CO oxidation are located at the interface
between Au NPs and the iron oxide support and at the defect sites (e.g., steps, edges, corners, and
kinks).7, 46 The PB-derived mesoporous iron oxide NCs possess more defect sites compared to
non-porous support materials, such as the commercial Fe2O3. As a result, in addition to the surface
of the iron oxide NCs, oxygen molecules can also adsorb at the defect sites and this leads to a
higher CO conversion to CO2 compared to the Au-loaded commercial Fe2O3 catalyst.47,

48

Moreover, the mesoporous structure and the matched pore size of the iron oxide NCs with the size
of the deposited Au NPs enable the Au NPs to be dispersed more uniformly throughout the NCs
without serious aggregation in spite of the high Au loading, as seen in Figures 7.4 and 7.5. As a
result, there is a more intimate contact between the iron oxide support and the deposited Au NPs.
Furthermore, smaller Au NPs also provide a greater amount of reaction sites compared to larger
Au NPs and these factors contributed to the good catalytic performance of the Au-loaded
mesoporous iron oxide NCs.48 In addition, mesoporous oxide supports can interact with CO
molecules not only on their outer surface but also within their interior surface and the presence of
mesopores can also improve the diffusivity of the reactants during CO oxidation, ultimately
leading to higher CO conversion.39
Another potential reason for the high catalytic activity of these catalysts for CO oxidation is the
size range of the deposited Au NPs (2-5 nm) which falls within the ideal size of Au NPs for
achieving the maximum catalytic activity for CO oxidation (3.5 nm).49 This ideal size range is
effective for increasing the perimeter length of the active site (i.e., the Au/iron oxide interface)
which in turn, lead to higher catalytic activity.50 The higher specific activity of the Au/PB-450
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catalyst for CO oxidation compared to Au/PB-250 may be attributed to its higher crystallinity.
This is because to some extent, the catalytic activity of oxide-supported noble metal catalysts
depends on the degree of crystallinity of the oxide support.51 Based on the above results, it is clear
that the utilization of mesoporous metal oxides as support materials for Au NPs provides many
benefits compared to non-porous oxides.

7.4. Conclusion
In summary, we have successfully synthesized mesoporous iron oxide NCs by utilizing PB NCs as
sacrificial template and successfully deposited Au NPs with ideal sizes of 2-5 nm onto the
mesoporous iron oxide NCs using the deposition-precipitation method. The relatively large surface
area and mesoporous nature of the PB-derived iron oxide NCs enable high loading of Au NPs of
up to 11 wt.% without serious aggregation. When tested as catalysts for CO oxidation, all the Auloaded mesoporous iron oxide NCs display high CO conversion of over 95% even at room
temperature under CO gas flow of 0.1 L min-1 and a humidity level of 60%, with specific activity
of up to 1.79 molCO gAu-1 h-1. The outcome of this study will promote and encourage the use of
MOFs or PCPs as viable precursors for the derivation of nanoporous oxide supports for the
deposition of noble metal NPs to be used in various catalytic reactions.
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Chapter 8
Enhanced Peroxidase Mimetic Activity of Porous Iron Oxide
Nanoflakes
8.1. Introduction
The development of advanced molecular sensors is of crucial importance for biomedical and
environmental applications.1 In recent years, iron oxides (particularly maghemite (γ-Fe2O3) and
magnetite (Fe3O4) have been widely used for environmental applications and biomedicine, such as
magnetic isolation, bio-separation, purification and biosensors due to their magnetic properties,
bio-favourable network structure, good biocompatibility, low production costs, wide abundance,
environmental friendliness and high thermal and chemical stabilities.2 Moreover, iron oxides
possess intrinsic peroxidase mimetic activity towards the oxidation of chromogenic substances in
the presence of H2O2.3 These intrinsic features have been utilized in the development of novel
assays for the detection of a wide range of chemicals and biomolecules.4 The iron oxide
peroxidase mimetics is highly attractive over natural enzyme horseradish peroxidase (HRP) owing
to their higher stability towards the denaturation or protease digestion, inexpensive and easy
synthesis, and engineered substrate binding pockets for specific molecular recognition.5 However,
many previously reported iron oxide materials only demonstrated peroxidise mimetics at higher
temperatures (35-45 oC), which is unfavourable for room-temperature biosensing applications.4c
Therefore, it is of utmost importance to develop iron oxide nanozymes with superior peroxidase
mimetics at room temperature for bio-analysis and biosensing applications.
In recent years, porous materials have attracted significant interest for biosensing applications due
to their unique morphology and properties, high surface area, large pore volume, narrow pore size
distribution, controllable wall composition and modifiable surface properties.4b, 6 Additionally,
porous materials possess greater surface functionalities for the uptake and release of substrate
molecules along with superior catalytic activities owing to their high surface-dependent mass
transport, substrate stabilization from sintering, and enabling of the Cascade reaction by placing
catalytic functionality in sequential pores.7 Hence, porous iron oxides may be highly attractive for
enhancing the peroxidase mimetics at room temperature. In the past, porous iron oxides (including
mesoporous iron oxides) have been synthesized through template-based methods using hard (e.g.,
mesoporous silica and carbon) and soft templates (e.g., surfactants and block copolymers).4b, 8
However, it is still relatively difficult to synthesize porous iron oxide materials in the absence of
any template, especially with two-dimensional (2D) morphology.
Very recently, we have successfully synthesized porous iron oxide nanoflakes (IONFs) via
solvothermal method combined with heat-treatment in air at different temperatures.9 Herein, we
report the new utilization of these IONFs for room temperature peroxidase mimetics towards the
oxidation of 3,3′,5,5′-tertamethylbenzidine (TMB). Owing to their high surface area and large pore
volume, the IONFs displayed high catalytic activities toward the oxidation of TMB at room
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temperature, revealing their excellent potential as an alternative for HRP.

8.2. Experimental
8.2.1. Chemicals
Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥98%), glycerol (C3H8O3, 99.5%), isopropanol
(C3H8O, 99.5%), sodium acetate (NaCH3COO, ≥99%), hydrogen peroxide (H2O2, 30% w/w in
H2O) and absolute ethanol (C2H6O, 99.5%) were purchased from Sigma-Aldrich Japan. 3,3’,5,5’Tetramethylbenzidine ≥98.0%, was purchased from Sigma Life Science Australia. Dimethyl
Sulfoxide AR (DMSO) was purchased from Chem-Supply, Australia. All the chemicals were used
as received without further purification.

8.2.2. Peroxidase mimetic activity tests.
Unless otherwise stated, the peroxidase-like activities of the IONFs were tested at room
temperature using 10 µg of IONFs in 80 µL of reaction buffer (0.2 M sodium acetate (NaAc), pH
3.5) in the presence of 800 µM freshly prepared TMB (TMB dissolved in dimethylsulfoxide
(DMSO)) and 500 mM H2O2. The formation of the blue-coloured solution was monitored and
measured in time scan mode at 652 nm using a spectrophotometer (SpectraMax). The steady-state
kinetic assays were carried out using standard reaction condition (described above) by varying the
concentration of H2O2 (0.01 to 1.0 M) at a fixed concentration of TMB (800 µM) and vice versa
for varying the concentration of TMB (0.01 to 1.0 mM) at 500 mM H2O2. The apparent kinetic
parameters were calculated by considering a typical enzyme catalytic reaction:
𝒌𝟏
𝒌𝟐
𝑬 + 𝑺 ⇄ 𝑬𝑺 → 𝑬 + 𝑷
𝒌!𝟏

(8.1)

where E, S, ES and P represent the enzyme, substrate, enzyme substrate adduct and product
respectively. The Michaelis-Menten equation for the catalytic system is expressed as follows15:

𝑉! =

!!"# [!]

(8.2)

!! ! [!]

In this equation, Vo is the rate of substrate conversion to product, Vmax is the maximum rate of
conversion, which is attained when the active (catalytic) sites on the enzyme are saturated with
substrate, [S] is the substrate concentration, and Km is the Michaelis-Menten constant (denotes the
affinity of enzyme for the substrate), which is equivalent to the substrate concentration at the
conversion rate of half of Vmax. The rearrangement of Michaelis-Menten equation gives the
Lineweaver–Burk equation16], which was used to determine enzyme kinetics Km and Vmax.
!
!

=

!!

!

!!"# [!]

+

!
!!"#
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(8.3)

8.2.3. Characterization
Scanning electron microscope (SEM) (Hitachi SU-8000) operated at 5 kV and transmission
electron microscope (TEM) (JEOL JEM-2100F) operated at 200 kV were employed to
characterize the morphology of the samples. X-ray diffraction (XRD) measurements of the
samples were conducted using Shimadzu XRD-7000 (Cu-Kα, 1.54 Å). The surface composition of
the IONFs was checked by X-ray photoelectron spectroscopy (XPS) using a PHI Quantera SXM
instrument. The thermal decomposition behavior was analyzed using thermogravimetric analysis
(TGA) with a Hitachi HT-Seiko Instrument Exter 6300 TG from room temperature to 800 °C
under air atmosphere with a fast heating rate of 10 °C min‒1. The textural characteristics of the
IONFs were evaluated via nitrogen (N2) adsorption-desorption measurements using a Belsorpmini II Sorption System at 77 K. The specific surface areas and pore size distribution of the
samples were calculated with multipoint Brunauer-Emmett-Teller (BET) and Barrett-JoynerHalenda (BJH) methods, respectively. All samples were degassed at 150 °C for 16 h prior to the
N2 adsorption-desorption measurements.

8.3. Results and Discussion
In this work, the porous iron oxide nanoflakes (IONF) were synthesized using the combination of
solvothermal method and high-temperature calcination in air, according to our recent report.9]
Firstly, 0.5 mmol of Fe(NO3)3·9H2O was dissolved in 40 mL of isopropanol under vigorous
stirring. After perfect dissolution, 10 mL of glycerol was poured into the above solution and
continuously stirred. After the solution was mixed homogeneously, the mixture solution was
transferred into a stainless steel-lined Teflon autoclave and heated at 180 ºC for 16 h. Once cooled
down to room temperature, the yellow precipitate was collected by centrifugation and then washed
with absolute ethanol for several times before being dried in an electric oven at 60 ºC for several
hours. The dried powder was subsequently heated under air atmosphere at the designated
temperatures (250 ºC, 300 ºC, 350 ºC and 400 ºC) for 2 h with a slow heating rate of 1 °C min‒1.
The samples calcined at 250 ºC, 300 ºC, 350 ºC and 400 ºC are referred to as IONF_250,
IONF_300 IONF-350 and IONF_400, respectively. A schematic illustration showing the synthetic
process of the porous IONF nanoflakes is depicted in Figure 8.1.

Figure 8.1. Schematic illustration showing the synthetic process of the porous iron oxide
nanoflakes.
The morphology of the precursor obtained from the solvothermal reaction at 180 ºC was
investigated by SEM. As shown in Figure 8.2, the precursor material exhibited 2D flake-like
morphology with diameters ranging between 60-100 nm. The thermal decomposition behaviour of
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Figure 8.2. A representative SEM image of the iron oxide precursor obtained from the
solvothermal reaction between ferric nitrate nonahydrate and glycerol (10 mL) at 180 °C for 16 h
this precursor was analyzed by TGA and the corresponding TG curve is given in Figure 8.3a.
Two main weight loss steps were observed in the TG curve, with the first weight loss between 25200 ºC assigned to the removal of both physisorbed and chemisorbed water and the second weight
loss from 200-250 ºC assigned to the decomposition of organic constituents in the nanoflakes.9-10]
Based on the TGA data, the precursor nanoflakes were converted into IONFs through direct
calcination in air at four different temperatures ranging from 250 ºC to 400 ºC. XRD analysis was
performed to investigate the purity and phase composition of these IONFs as shown in Figure
8.3b.

Figure 8.3. (a) Thermogravimetric analysis (TGA) of the precursor nanoflakes from room
temperature to 800 °C under air atmosphere with a heating rate of 10 °C min‒1. (b) X-raydiffraction (XRD) patterns of the iron oxide nanoflakes obtained at different calcination
temperatures: (i) 250 °C, (ii) 300 °C, (iii) 350 °C and (iv) 400 °C. (c) Nitrogen (N2) adsorptiondesorption isotherms and (d) pore size distribution curves of the mesoporous iron oxide nanoflakes
obtained at different calcination temperatures.
The diffraction peaks of the IONFs calcined at 250 ºC and 350 ºC both can be assigned solely to
the γ-Fe2O3 phase (JCPDS No. 39-1346) and no other impurity phases such as α-Fe2O3 and Fe3O4
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were detected.11] Interestingly, peaks belonging to γ-Fe2O3 were already observed even at a low
calcination temperature of 250 °C, which is consistent with the TGA observation. It is obvious
from Figure 8.3c that the increase in calcination temperature from 250 °C to 350 °C resulted in
narrowing and strengthening of the γ-Fe2O3 peaks, indicating the gradual increase in crystallinity
of the IONFs with increasing calcination temperature up to 350 ºC. On the other hand, the XRD
pattern of the sample IONF_400 shows diffraction peaks belonging to α-Fe2O3 phase (JCPDS No.
33-664), indicating the occurrence of phase transformation from γ-Fe2O3 to α-Fe2O3 above 350 ºC.
In terms of textural characteristics, the N2 adsorption-desorption isotherms of all four IONF
samples reveal a type IV hysteresis loop, suggesting their nanoporous structure with wide size
distribution between 2-30 nm (Figure 8.3c-d).10, 12] The specific surface areas and pore volumes
of these IONF samples are summarized in Table 8.1. It can be observed from Table 8.1 that the
specific surface area of the IONF sample decreased with increasing calcination temperature, which
may be attributed to the crystal growth of IONFs and the gradual collapse of the flake-like
structure. Figure 8.4 shows the XPS analysis of a typical IONF sample, such as IONF_350. The
presence of both Fe and O elements were confirmed by the survey spectrum of IONF_350 (Figure
8.4a). The deconvoluted peaks of O1s at 529.3 eV and 531.5 eV could be indexed to Fe-O and
adsorbed water, respectively (Figure 8.4b). The high resolution XPS spectrum of the Fe2p reveals
the existence of two major peaks at binding energies of 723.9 eV and 710.3 eV corresponding to
Fe2p3/2 and Fe2p1/2, respectively with satellite peaks at 719.2 eV and 723.6 eV, suggesting the Fe3+
state of iron in the sample IONF_350 (Figure 8.4c).13] Furthermore, other iron oxidation states,
such as Fe0 and Fe2+ were not observed in the high resolution Fe2p XPS spectrum of IONF_350,
further confirming that the obtained iron oxide product is Fe2O3.

Figure 8.4. (a) XPS survey spectra, (b) high resolution XPS spectra of O1s and (c) high resolution
XPS spectra of Fe2p of IONF_350.
The SEM images of the IONF samples achieved at various calcination temperatures (250-400 ºC)
are given in Figure 8.5. The flake-like morphology of the original precursor is well-maintained in
the calcined IONFs even at a relatively high temperature of 350 ºC (Figure 8.5a-c); however, the
nanoflakes became broken into smaller nanocrystals at 400 ºC (Figure 8.5d), which corresponded
with the phase transformation from α-Fe2O3, causing the collapse of the nanoflake structure.
Figure 8.6a-b show the representative TEM images of IONFs_350, revealing the well-defined
flake-like structure. Furthermore, clear lattice fringes with a d-spacing of 0.25 nm were observed
in the high-resolution TEM (HRTEM) image of IONF_350 which is indexed to the d-spacing of
(311) plane of γ-Fe2O3 (Figure 8.6c).14] In addition, the presence of pores on the IONF can also be
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Figure 8.5. SEM images of (a) IONF_250, (b) IONF_300, (c) IONF_350 and (d) IONF_400.
observed from this HRTEM image, which originated from the decomposition of organic
constituents. The selected area electron diffraction pattern (SAED) of IONF_350 indicates the
presence of several visible rings indexed to (311), (400) and (440) planes of γ-Fe2O3, revealing its
polycrystalline nature (Figure 8.6d).

Figure 8.6. (a) Low- and (b) high-magnification TEM images, (c) high-resolution TEM (HRTEM)
and (d) the corresponding SAED pattern of the IONF_350.
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It is well-established that similar to the natural enzyme HRP, iron oxides can catalyze the
oxidation of TMB in the presence of H2O2 under the optimal pH (3.0-6.5) in an acidic buffer.4a]
The catalytic reaction generated a blue-coloured charged transfer complex (diamine), which in
turn became yellow upon the addition of acid. This reaction has been widely used to design
sensitive biosensors for hydrogen peroxide, glucose, cells and disease specific biomolecules.7,9,10,14
Herein, we have elaborately studied the peroxidase mimetics of four different engineered IONF
samples. To assess the peroxidase mimetics of the IONFs, we conducted a set of experiments both
in the absence (control) and presence of the IONFs (Figure 8.7a).

Figure 8.7. (a) Schematic illustration of peroxidase-mimicking activity of IONFs for the oxidation
of TMB in the presence of H2O2. Mean values of (b) absorbance (UV-vis) for the four samples and
control (without IONFs) samples (inset in (b) shows the corresponding photo for the naked eye
evaluation).
TMB substrate solutions were incubated in the presence of four IONF samples and compared with
the control. Following incubation in the dark for 10 mins at room temperature, all four IONF
samples generated a clear blue-coloured solution while the control solution remained unchanged.
More importantly, the IONF_250 sample generated a much higher absorbance compared to the
control sample by almost 13-fold (0.546 versus 0.042) at 652 nm (Figure 8.7b). The possible
mechanism for IONFs-induced peroxidase mimetics could be due to the ferric ions (Fe3+) (from
IONFs) initiating the oxidation of TMB by generating hydroxyl free radical (·OH) from H2O2
following the Fenton reaction as shown in equation (i) to (iv).5b] The high peroxidase mimetics of
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these IONF samples at room temperature is probably due to their large pore size and enhanced
amount of substrates (both H2O2 and TMB). In addition, the presence of ferric ions would play an
important role in enhancing their catalytic activity in the Fenton reaction. As seen in Figure 8.7b,
the blue colour intensity and the absorbance for IONFs decreased with the increase of calcination
temperature.
Table 8.1. Textural characteristics of the IONF samples.
Sample

Surface area (m2 g‒1)

Pore volume (cm3 g‒1)

IONF_250

193

0.57

IONF_300

153

0.53

IONF_350

140

0.48

IONF_400

130

0.52

Table 8.2. Kinetic parameters of the IONF samples
Sample
IONF_250

IONF_300

IONF_350
IONF_400

Substrate

Km / mM

Vmax / 10-8 M s-1

TMB

0.24

3.07

H 2O 2

150.47

3.12

TMB

0.36

2.12

H 2O 2

185.52

1.90

TMB

0.40

1.68

H 2O 2

200.61

1.53

TMB

0.44

1.30

H 2O 2

216.08

1.12

Temperature
25 °C

25 °C

25 °C
25 °C

In fact, the IONF_250 sample exhibited 3 times higher responses (0.542 versus 0.189) than
IONF_400. One possible explanation could be the decrease of specific surface area of the IONFs
with increasing calcination temperature. As shown earlier in Table 8.1, IONF_250 possessed a
higher specific surface area than IONF_400 with optimum porous structure for specificity towards
the binding of both substrates (TMB and H2O2).
Fe3+ + H2O2 → FeOOH2+ + H+

(i)

FeOOH2+ → Fe2+ + HO2·

(ii)

2+

3+

-

(iii)

·OH + TMB (colourless) → TMBox (blue)

(iv)

Fe + H2O2 → Fe + OH + ·OH

(8.4)

To further explore the peroxidase mimetics of the IONFs, the apparent steady-state kinetic
parameters for both TMB and H2O2 were determined by varying the concentration of H2O2 and
TMB using initial rate methods. Like HRP, a typical Michaelis−Menten like curve was obtained
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Figure 8.8. Steady-state kinetic analyses using Michaelis-Menten model (main panel) and
Lineweaver-Burk model (inset panel) for the IONF samples by varying concentration of H2O2
(0.01 to 1.1 M) (a1 for IONF_250, b1 for IONF_300, c1 for IONF_350 and d1 for IONF_400)
and TMB (0.01 to 1.0 mM) (a2 for IONF_250, b2 for IONF_300, c2 for IONF_350 and d2 for
IONF_400) with fixed amount of TMB (800 µM) and H2O2 (500 mM), respectively.
for all four IONF samples within the appropriate concentration range for both H2O2 (Figure
8.8(a1)-(d1)) and TMB (Figure 8.8(a2)-(d2)). The catalytic parameters; Km (Michaelis−Menten
constant) and Vmax were estimated from the Lineweaver−Burk double-reciprocal plot (1/velocity
[Vo] versus 1/substrate concentration [S]) (inset). Km value represents the enzyme affinity toward
the enzyme substrate, and a lower Km indicates the greater affinity of the enzyme towards the
substrate. The apparent Km value for IONF_250 for TMB was significantly lower than that of HRP
(0.24 versus 0.434 mM), suggesting that IONFs exhibited much higher peroxidase mimetic
activity towards TMB than HRP. This finding clearly represents the potential of IONFs as a
worthy alternative for HRP. Nevertheless, the Km value of IONF_250 for H2O2 was significantly
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Table 8.3. Comparison of the peroxidase-mimicking activity (kinetic parameters and conditions)
of iron oxide-based nanostructures and composites for TMB/H2O2 substrate
Sample

Substrate

Km
(mM)

IONF_250

H 2O 2

150.47

Vmax

pH

-1

Temperature

Reference

o

(Ms )

( C)

3.12×10

-8
-8

TMB

0.24

3.07×10

Horseradish

H 2O 2

3.7

8.71×10-8

peroxidase

TMB

0.434

10.0×10-8

H 2O 2

154

9.78×10-8

TMB

0.098

3.44×10-8

Mesoporous

H 2O 2

146.7

10×10-8

Fe2O3

TMB

0.298

8.71×10-8

Fe3O4

H 2O 2

54.6

1.8×10-8

TMB

0.374

2.6×10-8

Prussian Blue-

H 2O 2

323.6

1.17×10-6

modified γ-

TMB

0.307

1.06×10-6

Fe3O4@C

H 2O 2

0.035

3.34×10-8

yolk-shell

TMB

0.27

121.8×10-

3.5

25

This work

4

40

4a

3.5

40

4a

3.5

25

4c

4

40

17

4.6

25

18

4

60

19

3.6

45

20

3.5

35

21

3

70

22

3.8

35

23

(HRP)
Fe3O4

Fe2O3

8

Graphene

H 2O 2

305

1.01×10-7

oxide (GO)-

TMB

0.118

5.38×10-8

FeNPs@Co3O

H 2O 2

0.019

0.17×10-7

hollow

TMB

0.488

2.06×10-7

H 2O 2

2.05

60.88×10-

Fe2O3

4

nanocages
Fe3O4@SiO2

7

@Au
TMB

5.71

1.43×10-7

Cu-

H 2O 2

8.62

7.02×10-8

Ag/reduced

TMB

0.634

4.25×10-8

graphene
oxide (rGO)
higher than the reported value for HRP (150.47 vs. 3.70 mM), implying that relatively higher
strength of H2O2 would be required to obtain significant peroxidase mimetics of IONFs at room
temperature. However, as shown in Table 8.2, both Km and Vmax increased with the increase of
calcination temperature which in accordance with the XRD, SEM and N2 adsorption-desorption
isotherms results. As stated earlier, this could be due to the increase of calcination temperature
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affecting the structural integrity of the IONFs. In general, most of the catalytic activity occurs by
surface atoms, thus, the enhancement of catalytic activity is greatly dependent on the specific
surface area.5a The enhanced peroxidase activity of the as-synthesized IONFs could be due to the
high porosity of the 2D nanoflakes moiety with high surface area (allowing for introduction of
more Fe3+ ions) and large pore volume that facilitates increased mass transfer and Cascade
catalysis which enhance the overall kinetics of the reaction. Moreover, the lone-pair electron
density (charge transfer) transfer from the amino group of TMB to the vacant d-orbital of Fe3+
may also enhance the electron density and mobility of the nanoflakes. Table 8.3 shows the
comparative kinetic parameters of the optimum sample IONF_250 with recently reported iron
oxide nanostructures and composites and bimetallic materials. It can be observed that most of the
materials exhibits similar or even lower activity than IONF_250 at higher temperatures, whereas
in the case of IONF_250, the high peroxidase mimetic activity was achieved at room temperature.
This finding suggests that the as-prepared IONFs are highly suitable for bioanalysis, such as for
nucleic acid or protein analysis as well as for a range of applications in naked-eye, colorimetric
biosensing.

8.4. Conclusion
We have investigated the peroxidase mimetic activity of solvothermally-synthesized IONFs
toward the oxidation of TMB in the presence of H2O2. All the IONF samples (obtained at 250 ºC,
300 ºC, 350 ºC and 400 ºC) showed the typical Michaelis−Menten modeling of the reaction. More
importantly, our IONF samples showed similar or lower Km values than the natural enzyme HRP,
indicating the higher affinity toward TMB compared to HRP and their excellent potential as an
alternative for HRP, which resulted from their high specific surface area, large pore size and
unique 2D morphology. We believed that our proposed approach may be beneficial for future
development of iron oxide nanozymes for a wide range of biosensing and biomedicine
applications.
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Chapter 9
Room temperature carbon monoxide oxidation based on twodimensional gold-loaded mesoporous iron oxide nanoflakes
9.1. Introduction
Human activities, such as chemical combustion, vehicle exhausts, and the burning of fossil fuels
for electricity generation, have contributed significantly to the release of carbon monoxide (CO)
into the atmosphere. The presence of a high concentration of CO in the atmosphere can lead to
respiratory illnesses, nausea, dizziness, and even death due to its highly toxic nature.1 As such, it is
highly desirable to convert CO into carbon dioxide (CO2), which is a less toxic gas commonly
used in methanol production. Noble metal catalysts, e.g., Pt, Pd, Au, etc., have been shown to
exhibit high catalytic activity for CO oxidation.2–4 However, due to their high cost and scarcity, it
is highly desirable to load them onto metal oxide supports to reduce the amount of noble metal
catalysts. Furthermore, these noble metals only exhibit high catalytic activity for CO oxidation
above ∼150 °C.2 Since the pioneering study by Haruta et al.5 which revealed the high catalytic
activity of oxide-supported gold nanoparticles (Au NPs) at lower temperatures, many studies have
been aimed at developing heterogeneous catalysts for room temperature CO oxidation. However,
it is still challenging to achieve a high CO conversion (>70%) with oxide supported Au NPs at
room temperature without any pre-treatment or humidity control.6
Among various oxides, iron oxides (FexOy) are one of the most popular support materials due to
their low cost, wide abundance, and high thermal and chemical stabilities.7 In oxide-supported Au
NPs, the size, shape and porosity of the support materials can significantly influence the dispersion
of the Au NPs and therefore their overall catalytic activity.8 Mesoporous two-dimensional (2D)
oxides have gained increasing interest in heterogeneous catalysis owing to their high surface area,
large pore volume, improved catalytic activity, and enhanced thermal stability.9 In addition,
mesoporous oxides have the capability to interact with gas molecules both at their exterior surface
and within their large interior surface.8 To date, porous iron oxide materials with crystalline walls
have been synthesized through template-based approaches using mesoporous silica,10 metal–
organic frameworks,11 surfactants,12 and block copolymers.9,13 However, it is still relatively
difficult to synthesize small-sized 2D mesoporous iron oxide materials (≤100 nm) with high
surface area (∼200 m2 g−1) without the use of templates or toxic/organic precursors.
Herein, we report the facile fabrication of mesoporous maghemite (γ-Fe2O3) nanoflakes as support
materials for Au NPs via a solvothermal method. Owing to their high surface area (up to 193
m2 g−1) and large pore volume, these nanoflakes can store up to 15 wt% Au and their meseporous
structure enables good dispersion of Au NPs throughout the support. When employed as a catalyst
for CO oxidation, the optimized Au-loaded mesoporous γ-Fe2O3 nanoflakes show >95% CO
conversion and a high specific activity of 8.41 molCO gAu−1 h−1 at room temperature. Their high

133

catalytic activity toward CO oxidation is attributed to the synergistic cooperation of their high
surface area, large pore volume, and mesoporous nature.

9.2. Experimental
9.2.1. Chemicals
Iron(III)

nitrate

nonahydrate

(Fe(NO3)3·9H2O,

99.99%),

gold(III)

chloride

trihydrate

(HAuCl4·3H2O, 99.99%), glycerol (C3H8O3, 99.5%), 2-propanol (C3H8O, 99.5%), sodium
hydroxide (NaOH, 98%), and ethanol (99.5%) were purchased from Sigma-Aldrich Japan. All the
chemicals were used without further purification.

9.2.2. Synthesis of mesoporous γ-Fe2O3 nanoflakes.
In a typical procedure, 0.202 g of Fe(NO3)3·9H2O was dissolved in 40 mL of 2-propanol under
magnetic stirring. Following this, 10 mL of glycerol was slowly added into this solution and
stirred until homogeneously mixed. The resulting mixture was subsequently placed into stainless
steel-lined Teflon autoclave and heated at 180 °C for 16 h and cooled to room temperature
naturally. Next, the product was thoroughly washed with absolute ethanol for several times, before
being dried in an electric oven at 60 °C. The dried powder was then calcined under air atmosphere
at 350 °C for 2 h, with a heating rate of 1 °C/min. For comparison, the same dried powder was
also calcined at 250 °C, 300 °C, and 400 °C for 2 h under similar heating rate. The samples
calcined at 250 °C, 300 °C, 350 °C, and 400 °C are labeled as Fe-MNF-250, Fe-MNF-300, FeMNF-350, and Fe-MNF-400, respectively.

9.2.3. Deposition of Au nanoparticles (Au NPs) into mesoporous γ-Fe2O3
nanoflakes.
The loading of Au NPs onto the mesoporous γ-Fe2O3 nanoflakes was achieved via a sequential
deposition-precipitation (DP) process. In a typical process, 100 mL of 1000 ppm HAuCl4 solution
was initially prepared. This solution was then heated to 70 °C in a water bath and the pH was
adjusted to 7 through the addition of NaOH solution. After being cooled to room temperature, 50
mg of the precursor nanoflakes was added into this solution and the resulting mixture solution was
subsequently stirred at 70 °C for 1 h. The product was collected via filtration and washed with
distilled water for several times and finally, dried under vacuum. Lastly, the dried powder was
calcined in air for 2 h at various temperatures, including 250 °C, 300 °C, 350 °C and 400 °C with
a fixed heating rate at 5 °C /min and the obtained products are labeled as Au/Fe-MNF-250, Au/FeMNF-300, Au/Fe-MNF-350, and Au/Fe-MNF- 400, respectively.

9.2.4. Catalytic test for CO oxidation.
The catalytic tests for CO oxidation were conducted using a continuous-flow fixed-bed reactor
system. In a typical procedure, 4 mg of the catalyst (40 mg for the Au-loaded commercial Fe2O3)
is placed into a U-shape quartz reactor (50 mm x 1 mm) and heated to 250 °C under 0.1 L min‒1 of
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air flow for 30 min. Following this, 1000 ppm of CO in air was flowed into the reactor at a
predetermined flow rate and the reaction was conducted at 25 °C and a humidity level of 60%.
The CO conversion was calculated from the change in the CO concentration, as calculated using
the following equation:
𝑪𝑶 𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (%) =

[𝑪𝑶]𝒊𝒏 ! [𝑪𝑶]𝒐𝒖𝒕
[𝑪𝑶]𝒊𝒏

× 𝟏𝟎𝟎

(9.1)

To determine the influence of flow rate on the CO conversion, the CO gas flow rate was varied
from 0.1 L min‒1 to 5 L min‒1.

9.2.5. Characterization
The morphological observations of the as-prepared samples were conducted using scanning
electron microscope (SEM) (Hitachi SU-8000) operated at an accelerating voltage of 5 kV and
transmission electron microscope (TEM) (JEOL JEM-2100F) operated at an accelerating voltage
of 200 kV. The phase composition and crystal structure of the samples were analyzed using X-ray
diffraction (Shimadzu XRD-7000) with Cu-Kα (1.54 Å). X-ray photoelectron spectroscopy (XPS)
measurements were performed with a PHI Quantera SXM instrument. All binding energies were
calibrated by referencing to the C1s line (285.0 eV). Fourier transform infrared (FTIR) spectra
were collected on a Thermo scientific Nicolet 4700 spectrometer. Thermogravimetric analysis
(TGA) was carried out using a Hitachi HT-Seiko Instrument Exter 6300 TG from room
temperature to 800 °C under air atmosphere with a heating rate of 10 °C/min. Inductively coupled
plasma optical emission spectrometry (ICP-OES) measurement was carried out using a Hitachi
model SPS3520UV-DD. Nitrogen (N2) performed using a Belsorp-mini II Sorption System at 77
K. The specific surface areas and pore size distribution of the samples were determined using the
multipoint

Brunauer-Emmett-Teller

(BET)

and

Barrett-Joyner-Halenda

(BJH)

methods,

respectively. Prior to BET measurements, each sample was degassed at 150 °C for 16 h.

9.3. Results and Discussion
Figure 9.1 shows the scanning electron microscopy (SEM) images of the product obtained from
the solvothermal treatment of ferric nitrate nonahydrate and glycerol in 2-propanol at 180 °C.

Figure 9.1. SEM images of the product obtained from the solvothermal reaction between ferric
nitrate nonahydrate and glycerol (10 mL) at 180 oC for 16 h.
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Figure 9.2. SEM images of the products obtained using (a) 2 mL, (b) 4 mL, (c) 8 mL, and (d) 10
mL of glycerol, respectively at 180 °C for 16 h under solvothermal conditions.

Figure 9.3. (a) Fourier transform infrared (FTIR) spectrum of the precursor nanoflakes. (b) X-raydiffraction (XRD) patterns of the iron oxide nanoflakes obtained at various calcination
temperatures.
Evidently, the product exhibits uniform flake-like morphology with small diameters of around 60–
100 nm. Our parametric investigation reveals that the obtained nanoflakes become more separated
and well-defined upon increasing the amount of glycerol, with the optimal amount being 10 mL
(Figure 9.2,). The FTIR spectrum of the precursor nanoflakes reveals the presence of several
strong peaks (Figure 9.3a).

Figure 9.4. Thermogravimetric analysis (TGA) of the iron glycerate nanoflakes from room
temperature to 800 °C under air atmosphere with a heating rate of 10 °C/min.
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The broad peak observed at 3350 cm−1 and the peaks in the range of 2650–2950 cm−1 can be
attributed to the O–H stretching and C–H stretching vibrations, respectively.14 The H–O–H scissor
mode observed at 1674 cm−1 represents water on their surface.15 The peaks located in the range of
1355–1465 cm−1 and 900–1300 cm−1 are assignable to C–H bending and C–O stretching vibrations,
respectively.16 Moroever, the peaks detected in the range of 700–900 cm−1 are characteristic of
iron multivalent-state interactions. The distinct peaks present in the range of 1000–1125 cm−1 and
2800–2900 cm−1 indicate that the precursor product can be assigned as iron glycerate
nanoflakes.17 The thermogravimetric (TG) curve of the iron glycerate nanoflakes from room
temperature to 800 °C reveals three weight loss steps (Figure 9.4). The first weight loss step in the
temperature range of 25–200 °C is attributed to the evaporation of both physisorbed and
chemisorbed water.14 The second weight loss step in the range of 200–250 °C corresponds to the
removal of organic constituents in the nanoflakes.
To convert to iron oxides, these precursor nanoflakes were calcined at different temperatures from
250 to 400 °C and the samples are labeled as Fe-MNF-250, Fe-MNF-300, Fe-MNF-350, and FeMNF-400, respectively. The XRD patterns of these samples are shown in Figure 9.3b.
Surprisingly, the formation of the γ-Fe2O3 phase is already observed at a calcination temperature
as low as 250 °C, as indicated by the presence of (220), (311), (400), (422), (511), and (440)
planes of γ-Fe2O3 (JCPDS No. 39-1346). Evidently, the γ-Fe2O3 peaks become more intense upon
increasing the calcination temperature up to 350 °C, suggesting the increase in crystallinity.
However, the product obtained at 400 °C can instead be indexed to the hematite (α-Fe2O3) phase,
as confirmed by the presence of (012), (104), (110), (113), (024), (116), (122), (214), and (300)
planes of α-Fe2O3 (JCPDS No. 33-664).

Figure 9.5. SEM images of the mesoporous iron oxide nanoflakes obtained at calcination
temperatures of (a) 250 °C, (b) 300 °C, (c) 350 °C and (d) 400 °C.
The corresponding SEM images of the calcined products are given in Figure 9.5. The original
flake-like shape of the iron glycerate nanoflakes is well-preserved up to 350 °C (Figure 9.5a–c);
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however, serious sintering of the nanoflakes is observed at 400 °C (Figure 9.5d), which may be
correlated with the phase transformation from γ-Fe2O3 to α-Fe2O3. The high-resolution TEM
(HRTEM) image of the γ-Fe2O3 nanoflakes (Fe-MNF-350) displays lattice fringes with a dspacing of 0.25 nm, indexed to the d-spacing of γ-Fe2O3(311) (Figure 9.6). The selected area
electron diffraction (SAED) pattern of these nanoflakes indicates their polycrystalline nature, as
shown in the inset of Figure 9.6b.

Figure 9.6. (a) TEM and (b) HRTEM images of mesoporous γ-Fe2O3 nanoflakes obtained from
the calcination of iron glycerate nanoflakes in air at 350 °C (Fe-MNF-350).

Figure 9.7. SEM images of the Au-loaded mesoporous iron oxide nanoflakes obtained at
calcination temperatures of (a) 250 °C (Au/Fe-MNF-250), (b) 300 °C (Au/Fe-MNF-300), (c)
350 °C (Au/Fe-MNF-350), and (d) 400 °C (Au/Fe-MNF-400).
The iron oxide nanoflakes obtained at different calcination temperatures were then loaded with Au
NPs via a deposition–precipitation method and the SEM images of the resulting composites are
shown in Figure 9.7. The presence of well-dispersed Au NPs with sizes of 2–5 nm can be seen
from the transmission electron microscopy (TEM) images of a typical sample, such as Au/FeMNF-350, as shown in Figure 9.8a. This size range falls well within the optimum size of
supported Au NPs for CO oxidation.18 The HRTEM image of the Au-loaded mesoporous γ-

138

Fe2O3 nanoflakes (Au/Fe-MNF-350) shows clear lattice fringes with d-spacings of 0.25 nm and
0.23 nm, indexed to γ-Fe2O3(311) and Au(111) planes, respectively (Figure 9.8b). The good
dispersion of the deposited Au NPs on the γ-Fe2O3 support is confirmed by the HAADF-TEM
image and energy dispersive spectroscopy (EDS) mapping shown in Figure 9.8c–f.

Figure 9.8. (a) TEM and (b) HRTEM images of Au/Fe-MNF-350 (the inset shows the
corresponding SAED patterns). (c) High angle annular dark field (HAADF) TEM image of Au/FeMNF-350 and the corresponding EDS mapping of (d) Fe, (e) O, and (f) Au.
The XRD patterns of all the Au-loaded iron oxide samples clearly show the presence of Au(111),
Au(200), and Au(220) planes (JCPDS No. 04-784) (Figure 9.9a). Figure 9.9b presents the X-ray
photoelectron spectroscopy (XPS) survey spectra of the γ-Fe2O3nanoflakes obtained at 350 °C
before (Fe-MNF-350) and after loading with Au NPs (Au/Fe-MNF-350). Prior to the Au loading,
only Fe2p and O1s peaks are observed in the survey spectrum of Fe-MNF-350. After the Au
loading, the Au4f peak is clearly observed in the survey spectrum of Au/Fe-MNF-350, confirming
the successful deposition of Au NPs onto the γ-Fe2O3nanoflakes. Further XPS analysis is given in
Figure 9.10.
The N2 adsorption–desorption isotherms of all the calcined samples display a type IV hysteresis
loop, indicating their mesoporous nature (Figure 9.11). The specific surface areas of Fe-MNF-250,
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Fe-MNF-300, Fe-MNF-350, and Fe-MNF-400 are 193, 153, 140, and 130 m2 g−1, and the
corresponding pore volumes of these samples are 0.57, 0.53, 0.48, and 0.52 cm3 g−1, respectively
(Table 9.1).

Figure 9.9. (a) XRD patterns of the Au-loaded mesoporous iron oxide nanoflakes obtained at
different calcination temperatures. (b) XPS survey spectra of Fe-MNF-350 and Au/Fe-MNF-350.
(c) CO conversion efficiencies of pure Fe-MNF, Au/Fe-MNF, and Au/commercial Fe2O3 samples
at 25 °C under a CO gas flow of 0.1 L min-1 and at a humidity level of 60%. (d) The influence of
the CO gas flow rate on the CO conversion of these samples at 25 °C. The amount of catalyst is 4
mg, except for the Au-loaded commercial Fe2O3 (40 mg) due to its low conversion efficiency.
Table 9.1. Textural characteristics of the mesoporous iron oxide nanoflakes obtained at different
calcination temperatures
Sample

Calcination

Main cystal

Specific

Pore

Mean pore

temperature

phase

surface area

volume

diameter

3

2

(ºC)

-1

-1

(m g )

(cm g )

(nm)

Fe-MNF-250

250

γ-Fe2O3

193

0.57

11.8

Fe-MNF-300

300

γ-Fe2O3

153

0.53

13.8

Fe-MNF-350

350

γ-Fe2O3

140

0.48

13.9

Fe-MNF-400

400

α-Fe2O3

130

0.52

16.0

Evidently, the specific surface area decreases with increasing calcination temperature, which is
caused by the gradual increase in the pore size of the particles, as seen in Figure 9.11.
The Au-loaded mesoporous iron oxide nanoflakes were subsequently used as catalysts for CO
oxidation. The amount of Au loading on the mesoporous iron oxide nanoflakes obtained at
different calcination temperatures (250–400 °C) and the commercial Fe2O3 sample was analyzed
using inductively coupled plasma optical emission spectrometry (ICP-OES). The results reveal
that all the synthesized mesoporous iron oxide nanoflakes could store a large amount of Au NPs of
≥10 wt% (Table 9.2). Evidently, the amount of Au loading decreases with the increase in
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calcination temperature which may be attributed to the gradual decrease in surface area. In
contrast, the amount of Au loading on the commercial Fe2O3 sample is very small (0.81 wt% Au).
The much higher loading of Au NPs on the mesoporous Fe2O3 nanoflakes relative to the
commercial Fe2O3 may be contributed by their higher surface areas which enable the
accommodation of a larger number of Au NPs while also decreasing their density, thus reducing
their aggregation. Another possible reason is the higher amount of surface defects (e.g., steps,
edges and kinks) present on the mesoporous Fe2O3 nanoflakes relative to the commercial
Fe2O3 particles, as Au NPs cannot easily adsorb on a flat metal oxide surface.7

Figure 9.10. (a) Comparison of high resolution Fe2p XPS spectra of Fe-MNF-350 and Au/FeMNF-350. High resolution XPS spectra of O1s for Fe-MNF-350 (b) and Au/Fe-MNF-350 (c). (d)
The high resolution Au4f XPS spectrum of Au/Fe-MNF-350.

Figure 9.11. Nitrogen (N2) adsorption-desorption isotherms and pore size distribution (PSD)
curves of the mesoporous iron oxide nanoflakes obtained at different calcination temperatures.
CO oxidation catalytic tests were conducted at a similar gas hourly space velocity (GHSV). As
shown in Figure 9.9c, all the Au-loaded mesoporous iron oxide samples show high conversion
efficiencies of over 90% even at room temperature under 0.1 L min−1 CO gas flow. In comparison,
the CO conversion achieved using the Au-loaded commercial Fe2O3 sample is much lower at
around 28%, while the pristine Fe-MNF-350 sample shows negligible catalytic activity with CO
conversion of around 4%. The cataytic activities of all the Au-loaded mesoporous iron oxide
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samples decrease when the CO gas flow rate was increased to 1 L min−1; however, they still show
CO conversions of over 50%, with the Au/Fe-MNF-350 sample exhibiting the highest CO
conversion of around 80% (Figure 9.9d).
Table 9.2. Specific activities of the Au-loaded mesoporous iron oxide nanoflakes obtained at
different calcination temperatures for CO oxidation and comparison with previously reported
Au/FexOy catalysts.
Sample

Catalyst amount

Au loading

Specific activity

Ref.

(g)

(wt%)

(molCO gAu‒1 h‒1)#

Au/Fe-MNF-250

0.004

15.5

4.93

This work

Au/Fe-MNF-300

0.004

13.1

4.38

This work

Au/Fe-MNF-350

0.004

12.9

8.41

This work

Au/Fe-MNF-400

0.004

9.80

7.67

This work

Au/comm-Fe2O3

0.04

0.81

1.46

This work

Au/α-Fe2O3

0.5

0.50

0.12

19

Au/γ-Fe2O3

n/a

0.95

3.31

20

Au/α-Fe2O3

0.05

2.90

2.12

21

Au/γ-Fe2O3-C

0.05

2.90

0.40

21

Au/Fe2O3-WGC

0.10

4.40

0.19

22

Au/FeOx

0.10

3.70

3.79

22

Au/Fe2O3

0.04

1.00

0.94

23

Au/ α-Fe2O3 nanorods

0.05

0.50

4.00

24

Au/Fe2O3

0.05

10.3

0.35

25

Au/mesoporous

0.004

7.80

0.30

7

Au/CeO2

0.10

5.70

0.005

26

Au/γ-Al2O3

0.15

0.17

0.022

27

Au/γ-Al2O3

n/a

1.0

1.62

28

Au/meso-TiO2-450

n/a

27.8

0.37

29

Fe2O3

film
With a further increase of the flow rate to 5 L min−1, the Au/Fe-MNF-250, Au/Fe-MNF-300, and
Au/Fe-MNF-400 samples exhibit CO conversions of less than 30%; however, the Au/Fe-MNF350 sample still displays a competitive CO conversion of around 40%. The decrease in CO
conversion with the increase in CO flow rate is due to the decreased residence time of the
reactants on the surface of the catalyts.19 The specific activities of the Au-loaded mesoporous iron
oxide samples were calculated and compared with previously reported Au/FexOy catalysts, as
summarized in Table 9.2. The trend in CO conversion efficiency (molCO gAu−1 h−1) is in the order
of Au/Fe-MNF-350 (8.41) > Au/Fe-MNF-400 (7.67) > Au/Fe-MNF-250 (4.93) > Au/Fe-MNF300 (4.38). Interestingly, despite the higher Au loading and surface areas of samples Au/Fe-MNF-
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250 and Au/Fe-MNF-300, the Au/Fe-MNF-350 and Au/Fe-MNF-400 samples exhibit higher
specific activities. This may be attributed to their higher crystallinity as the catalytic performance
of oxide-supported Au NPs is strongly affected by the degree of crystallinity of the oxide
support.30

Figure 9.12. Recylability test results of the Au/Fe-MNF-350 for CO oxidation for 20 days
(amount of catalyst = 4 mg, CO flow rate = 1 L min-1, temperature = 25 °C, humidity = 60%)
From Table 9.2, it is clear that the Au/Fe-MNF-350 catalyst show much higher specific activity
for CO oxidation compared to Au-loaded commercial Fe2O3, as well as superior activities to many
previously reported Au/Fe2O3, Au/CeO2, and Au/γ-Al2O3 catalysts. Recyclability data of the
Au/Fe-MNF-350 catalyst is given in Figure 9.12. The excellent catalytic activity of these samples
for CO oxidation at room temperature is attributed to the synergistic cooperation of various factors.
First, the high surface area and large pore volume exhibited by the mesoporous γFe2O3 nanoflakes offer many reaction sites for the reactants during the catalytic reaction. In Ausupported iron oxide catalysts, the reactive site is typically around the Au/γ-Fe2O3 interface.30As
our iron oxide supports are highly porous, more defect sites (e.g., steps, edges, corners, and kinks)
are present on their structures compared to a non-porous support, which serve as additional active
sites for the adsorption of reactants.7 Hence, during CO oxidation, oxygen is also adsorbed on
these defect sites in addition to the deposited Au NPs and reacts with CO to produce CO2. This in
turn increases the reaction rate due to the improved oxygen activation rate. Furthermore, the 2D
mesoporous structure of the γ-Fe2O3 supports along with the ideal pore sizes enables good
dispersion of the Au NPs throughout the support and prevents their agglomeration despite their
high loading amount, as seen in Figure 9.8. This in turn enhances the contact between the support
and the Au NPs, leading to stronger support–metal electronic interaction and higher catalytic
activity.24 In addition, the presence of mesopores can improve the diffusivity of the reactant
molecules during the CO oxidation reaction, further enhancing the overall catalytic activity.
Another potential reason for the improved catalytic activity is the presence of cationic gold in our
catalysts, which has been thought to be active for CO oxidation.31 Finally, the size range of the
deposited Au NPs is 2–5 nm which falls well within the ideal size of Au NPs for achieving the
maximum catalytic activity for CO oxidation (3.5 nm), as suggested by Goodman et al.18 Such an
ideal size range is beneficial for increasing the perimeter length of the Au/γ-Fe2O3 interface, (i.e.,
active sites) and therefore the overall catalytic activity.32
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9.4. Conclusion
In conclusion, we have successfully synthesized a highly effective catalyst for CO oxidation based
on Au-loaded mesoporous γ-Fe2O3 nanoflakes which exhibit over 90% CO conversion and a high
specific activity of 8.41 molCO gAu−1 h−1 at room temperature, which is among the highest ever
reported for Au/FexOy catalysts. The ease of synthesis and the high catalytic activity of the assynthesized Au-loaded mesoporous Fe2O3 nanoflakes suggest their promising potential as catalysts
for commercial CO oxidation.
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Chapter 10
Conclusion and Outlook
10.1. Conclusions
In summary, the design of iron oxide based nanostructural materials and their potential
applications for biomedical and environmental fields were introduced in Chapter 2 at first. In my
projects, iron oxide nanostructural materials were successfully synthesized through various
methods such as soft-templating method using PS-PAA-PEG (as well as PS-PAA-PEO),
sacrificial template using Prussian blue and non template method through solvothermal method
following the calcination under air in this doctoral thesis work. In addition, these nanostructural
materials were used as support materials for Au nanoparticles owing to their unique properties.
Furthermore, Prussian blue nanoparticles were successfully hybridized with graphene oxide. These
obtained materials were subsequently utilized in various applications such as environmental fields
(carbon monoxide and ammonia oxidation catalysts and supercapacitor) and biomedical
applications (peroxitase mimics). In case of CO oxidation catalyst, Au loaded mesoporous iron
oxide prepared by soft-templating method, porous iron oxide nanocubes derived from Prussian
blue and non-templating method at optimum samples showed 0.3, 1.79, and 8.41 molCO gAu‒1 h‒1
even at room temperature, respectively. Those great performance of those catalysts could be
promising potential for industry. In case of supercapacitor application, the hybridized iron oxide
nanoparticles into the graphene oxide showed 91 F g−1 at scanning rate 20 mV s−1. Iron oxide
might not be suitable for supercapacitors application due to their relatively high resistivity though
the graphene oxide helps the electrical conductivity as well as provides a large contact area with
the electrolyte, high structural stability, and short transport paths for electrons. While, synthesized
mesoporous iron oxide and iron oxide nanoflakes showed high affinity toward toward the
oxidation of TMB in the presence of H2O2 as HRP mimetic activity even at room temperature.
Interesingly, our samples showed similar or lower Km value than natural enzyme HRP, which
suggest the samples can be alternative for HRP. It is believed that these synthesis methods are of
among most importance for the development of not only material synthesis but also various
applications in biomedical and environmental applications.

10.2. Outlook
Although considerable efforts have been made in this PhD study for the design of nanostructural
iron oxide based materials, some challenges are still remained and more investigation is necessary
to meet the requirements from society. Firstly, the synthesis methods are still complicated and
there is the limitation to produce the massive amount by the synthesis of iron oxide over the
control of the size, the reaction system and properties. Thus, it is essential to establish the
fundament of structural assembly and crystal growth of those iron oxide based materials. Secondly,
iron oxide based materials show the great affinity toward the oxidation of TMB in the presence of
H2O2, where Km value was lower than natural enzyme HRP. However, the apparent Km value of
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those synthesized iron oxide with H2O2 utilized as the substrate is still higher than that of the
reported value for HRP, which indicates an increased amount of H2O2 is needed to gain the higher
mimetic activity of mesoporous iron oxide. Thirdly, it is well known that there are several factors
to enhance CO oxidation catalysts at room temperature such as preparation method, the long
perimeter interfaces, the presence of moisture, the particle size of loading metal, and support
materials though the mechanism of CO oxidation was still not elucidated. Fourthly, in case of the
supercapacitor application, utilizing porous materials including heterogeneous materials are
advantageous due to their properties, however, the capacitance is still far from the theoretical
value. Finally, it is general that the deeper understanding of synthesis mechanism and the
elucidation of basic mechanisms of those applications play key roles for the rapid invention and
industrialization.
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